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Glossary of Terms and Acronyms 
Allocation LCA methods of modelling co-production, for example 
AUPLCI Australian Unit Process Life Cycle Inventory 
Background data Data from existing studies, typically included in life cycle 
inventory database 
Biogenic carbon dioxide Carbon dioxide related to bio-mass sources, such as 
emissions from burning of wood. 
Biogenic methane Methane related to bio-mass sources, such as emissions from 
wastewater. 
Bio-oil An oil produced from pyrolysis of biomass 
BP British Petroleum 
Carbon dioxide equivalents 
(CO2-eq) 
A metric used to quantify emissions of various different 
greenhouse gases 
Comparative assertion A statement made which compares the environmental 
performance of product/service systems. 
Coppice The process of cutting trees close to the ground, stimulating 
regrowth 
Cut-off criteria Methods used to determine exclusion of processes from 
system boundary (see System boundary) 
Direct land use change Changes in carbon stocks below ground due to change in soil 
carbon and below-ground biomass. Typically included in 
results for climate change indicator. 
Dry Sheep Equivalent (DSE) A wether (castrated ram), consuming 1 kg of dry matter per 
day (or 365.25 kg over an average year, also equivalent to 
7.60 MJ/day. Used to quantify different sheep types (e.g. 
lambs, ewes) into one number. 
Economic allocation An LCA method used to account for co-production, typically 
based on the revenue and value of co-products. 
Elementary flow Flows to or from the environment, for example removal of 
bauxite ore, or nitrogen emissions in water. 
Energy allocation An LCA method used to account for co-production, based on 
the energy content of co-products 
FFICRC Future Farm Industries Co-operative Research Centre 
Foreground data Data collated by the LCA practitioner, such as process data 
and emissions 
Fossil fuel depletion An environmental indicator related to the extraction of (finite) 
fossil resources. An indicator of stress on resources. 
Functional unit (FU) The unit by which all environmental comparisons are made. 
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IFPEn IFP Energies nouvelle 
Inventory The raw materials, material, energy and emissions flows 
related to a process or system. 
IPCC Intergovernmental Panel in Climate Change 
ISO International Organization for Standardization 
ISO 14040:2006 / ISO 
14044:2006 
International standards outlining processes to undertake LCA. 
Lower Heating Value (LHV) The calorific (energy content) of a substance. The lower 
heating value (LHV) does not account for the heat released 
during condensation of vapour. 
Life cycle A series of interlinked stages of a product system, typically 
including raw material extraction, transport, processing, use 
and end of life. 
Life cycle assessment (LCA) A method used to quantify the environmental impacts of a 
product or service over its life cycle. 
Life cycle impact assessment 
(LCIA) 
Calculation of environmental impacts from the inventory 
Life cycle inventory (LCI) The compilation of raw materials and emission flows related to 
a life cycle (also see Inventory) 
LTO Landing and take-off operations 
Mass allocation An LCA method used to account for co-production, based on 
the mass of co-products 
MJ LHV Mega-joules, lower heating value. Refers to an indicator of 
energy content or cumulative energy demand, also see non-
renewable CED 
Monte Carlo analysis A simulation which repeatedly quantifies results by varying 
random data points within the bounds of uncertainty 
N, P, K, S Reference to nitrogen, phosphorous, potassium and sulphur 
within fertilisers and soil modifiers 
NCG Non-condensable gases. Produced during pyrolysis and in this 
study, combusted for process heat. 
NMVOC Non-methane volatile organic compounds 
Non-renewable cumulative 
energy demand (CED) 
All non-renewable energy use including fossil, electrical and 
feedstock. Also accounts for energy losses and inefficiency. 
PSA Pressure swing adsorption. A technique for purifying gases. 
Pyrolysis A process which heats material in a low-oxygen environment, 
leading to thermal degradation. 
Reference flows The main flows needed to fulfil the functional unit. 
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ROC Renewable Oil Corporation 
RON Research Octane Number 
RSB Roundtable of Sustainable Biomaterials 
Sensitivity studies Investigation into the effect of changes in assumptions to the 
outcomes of an LCA. 
SWIS South-West Interconnected System. Electricity grid in South-
West Western Australia. 
System boundary Definition of processes which are included in the life cycle 
assessment. 
System expansion A method used to handle allocation in LCA. Takes into account 
the effect of co-production on other processes in the economy. 
UBA and UBB oil Intermediate oils, produced from processing of bio-oil. Used in 
final refining to create a synthetic crude oil. 
ULP Unleaded petrol 
Uncertainty Variability in data, typically quantified by an error range or 
distribution. 
Uncertainty analysis Process of quantifying effects of all uncertainty on the final 
outcomes, typically undertaken with Monte Carlo analysis (see 
Monte Carlo analysis) 
USAF United States Air Force 
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Executive Summary 
RMIT University was commissioned by the Future Farm Industries Cooperative Research Centre 
(FFICRC) to undertake a life cycle assessment (LCA) of biofuels derived from mallee, in accordance 
with the requirements of the international LCA standards ISO 14040:2006 and ISO 14044:2006. The 
study assessed the following systems: 
1. Bio-jet fuel, produced from processing mallee biomass compared with fossil-based Jet A-1 fuel. 
2. Mixed-enterprise grain farms (producing mallee biomass, grains and sheep products) vs. 
conventional mixed-enterprise farming systems (producing grains and sheep products) 
The system boundaries of the LCA included the growing, processing and combustion of the bio-fuel, 
mixed enterprise farming operations, the production and combustion of fossil-based Jet A-1 fuel, 
supporting energy and material production systems, fertiliser emissions, transport, plant infrastructure 
and waste management. Displacement effects of sheep and fossil-based Jet A-1 were included in the 
assessment. The system boundaries were considered complete and representative of the systems 
under study. 
The temporal scope of the LCA was over a time period of 2022-2051. The LCA is limited to the 
production of mallee within the Great Southern region in Western Australia, followed by processing 
and distribution across the Great Southern and Kwinana, Western Australia.  
In addition, the scope is limited to the supply of fossil-based Jet A-1 from BP Kwinana, Western 
Australia and the operation of an Airbus A330-200 passenger aircraft, operating twin Rolls Royce 
Trent 772B turbines, between Perth and Sydney (Kingsford Smith) airports. 
The environmental assessments were made on the following functional units: 
1. One typical Airbus A330-200 commercial passenger aircraft flight, operating twin Rolls Royce 
Trent 772B turbines, between Perth and Sydney (Kingsford Smith) airports 
2. The productive use of a 1000 hectare farming area for one year, producing sheep, lupins, 
canola and wheat, with the average yearly product outputs (defined in Table 3-1). 
Life cycle impact assessment focussed on three indicators: climate change impact, non-renewable 
cumulative energy demand and fossil fuel depletion impacts. 
Certain aspects of this study, including comparative assertions, are intended to be disclosed to the 
public. As such, a peer-review was undertaken in accordance with the requirements of ISO 
14040:2006/14044:2006 (ISO 2006a, 2006b). 
Data used in the LCA was compiled from a variety of sources, including process data, existing life 
cycle inventories, calculations and estimations. The quality of the data varied. Overall, it was 
considered that data was complete and representative of the systems considered and that the data 
quality was sufficient to fulfil the goal and scope of the study. An uncertainty assessment was 
performed, using Monte Carlo analysis, to quantify certainty of the outcomes of the LCA.  
The aggregated results for the jet-fuel system comparisons are provided in Table E-1 and presented 
schematically in Figure E-1. 
Table E-1: Aggregated results - jet-fuel systems. Results are reported per functional unit; one 
typical Airbus A330-200 commercial passenger aircraft flight, operating twin Rolls Royce Trent 
772B turbines, between Perth and Sydney (Kingsford Smith) airports. 
Indicator Unit Jet A-1 50/50 Bio-fuel blend % difference
Climate change impact tonne CO2-eq 59.4 47.6 -19.9%
Fossil fuel depletion $ 893.3 420.3 -52.9%
Non-renewable Cumulative Energy Demand GJ LHV 748.0 345.8 -53.8%  
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Figure E-1: Aggregated comparison of fossil-based Jet A-1 impacts (blue) and the bio-fuel 
blend impacts (red). Results are normalised to the highest impact on a percentage basis; the 
higher the value, the greater the impact. In all cases, the bio-fuel blend system had lower 
indicators than the fossil-based Jet A-1 system. 
The following conclusions can be drawn on the comparison of the bio-fuel blend, relative to fossil-
based Jet A-1: 
 A reduction in climate change impact of 19.9% is achieved, based on a 50%/50% blend of bio-
fuel and fossil-based Jet A-1 
 Global warming reductions of up to 40% are achievable if the bio-fuel proportion in the fuel 
blend is increased to 100%. 
 Further reductions in climate change impact could be achieved through process optimisation 
 Reductions in fossil fuel depletion impacts and non-renewable cumulative energy demand of 
approximately 53% and 54%, respectively, are achieved, based on a 50%/50% blend of bio-
fuel and fossil-based Jet A-1 
 Further reductions in fossil fuel depletion and non-renewable cumulative energy demand are 
achievable if the bio-fuel proportion in the fuel blend is increased. 
 
These comparative assertions were well supported by uncertainty analysis. However, in isolation, the 
systems considered contained a high level of uncertainty. The magnitudes of the reductions in 
environmental indicators are sensitive to a number of assumptions, including the treatment of 
maintaining sheep production, the allocation of land use change benefits, crude-oil source, 
wastewater emissions, and LCA-methodology related to the treatment of co-products. It is considered 
more appropriate that environmental claims be based on the results which include the effects of 
potential sheep displacement. 
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The aggregated results for the farm system comparisons are provided in Table E-2 and presented 
schematically in Figure E-2. 
Table E-2 Aggregated results - Farming systems. Results are reported per functional unit; 1000 
ha of farming area for one year. 
Indicator Unit Without mallee With mallee % difference
Climate change impact tonne CO2-eq 1127.9 1085.9 -3.7%
Fossil fuel depletion  '000 $ 4.40 3.80 -13.7%
Non-renewable Cumulative Energy Demand GJ LHV 3683.4 3164.3 -14.1%  
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Climate change impact Fossil fuel depletion Non-renewable Cumulative Energy
Demand
Without mallee
With mallee
Figure E-2: Aggregated comparison of without mallee mixed farming impacts (blue) and with-
mallee mixed farming impacts (red). Results are normalised to the highest impact on a 
percentage basis; the higher the value, the greater the impact. In all cases the with-mallee 
farming system has lower indicators than the without mallee farming system. 
The following conclusions can be drawn on the comparison of the with-mallee enterprise farming 
system, relative to the without-mallee farming systems: 
 A reduction in climate change impact of 3.7% is achieved 
 A reduction in fossil fuel depletion impacts of 13.7% is achieved 
 A reduction in non-renewable cumulative energy demand of 14.1% is achieved. 
 
These comparative assertions were well supported by uncertainty analysis. However, in isolation, the 
systems considered contained a high level of uncertainty. The magnitudes of the reductions in 
environmental indicators are sensitive to a number of assumptions, including the treatment of nitrous 
oxide emissions and displacement effects on sheep. It is considered more appropriate that 
environmental claims be based on the results which include the effects of potential sheep 
displacement. 
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A number of opportunities exist to improve the environmental profiles of the systems under 
consideration, including: 
 Utilising the bio-diesel (produced in the system) within the supply chain, such as for harvesting 
and transport operations. The use of bio-fuel may not necessarily affect the availability of jet-
fuel, depending on the production mix in the fractionation stage. 
 Generating on-site electricity and heat from char at the pyrolysis unit(s) 
 Utilising a less greenhouse-intensive source for hydrogen 
 
The assessment of these opportunities was beyond the scope of this study, but investigations 
environmental, economic and technical aspects of these could be warranted. 
 
The following main limitations apply to this study: 
 The outcomes of this study are sensitive to the LCA methodology. As such, caution should be 
taken when comparing the outcomes of this study to another LCA. 
 Other environmental impacts, such as biodiversity, soil salinity and potential indirect land use 
change were not assessed. 
 The outcomes of this study are specific to projected biomass yields and do not necessarily 
reflect the supply chain nor environmental impacts associated with different biomass yields. 
 The outcomes of this study are specific to the temporal, regional and technical coverage, and 
do not necessarily relate to impacts of the final system at any one point in time, in any region. 
 The climate change impact did not account for timing of carbon removals or of greenhouse gas 
emission releases. 
 The baseline climate change impacts presented assume municipal treatment of wastewater 
from the UBA/UBB upgrading process, which includes methane capture. Other wastewater 
systems may have different climate change impacts. 
 The non-renewable cumulative energy demand indicator is not environmental indicator, but can 
be a viewed as a precursor to potential environmental impacts. 
 The outcomes of this study are not intended to be used as a sole decision driver. 
 
A number of opportunities exist for further life cycle assessment research, including assessment of 
various potential process improvements and comparison to other fuel systems and variations in 
biomass yields. 
Overall, the outcomes of this study were considered sound and appropriate for the goal and scope of 
the study. 
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1 Introduction 
The International Energy Agency predicts that by the year 2035, the global demand for crude oil will 
outstrip supply (Greenwell, Lloyd-Evans & Wenner 2013). Coupled with this pressure is the need to 
reduce emissions associated with the production and use (combustion) of crude-oil derived fuels, with 
fossil-fuel use accounting for over 56% of global greenhouse emissions in 2004 (IPCC 2007). These 
factors have led to rapid developments in alternative systems, including fuel-cells, heat and energy 
systems and vehicles, many of which are targeted at reducing the reliance on fossil-fuels and 
reducing greenhouse emissions. One industry which is particularly exposed to these pressures is the 
aviation industry, with greenhouse emissions contributing to an estimated 3.5% to 4.9% of global 
radiative forcing (the mechanism driving global warming) in 2009 (IPCC 1999; Lee et al. 2009). As a 
result, the aviation industry is particularly interested in alternative fuels. 
A number of processes are either being developed, or are available, to produce alternative aviation (in 
particular, jet) fuels, including Fischer-Tropsch synthesis, hydro-processing of esters and fatty acids 
(HEFA) and pyrolysis. The feedstock (input materials) for these alternative processes can vary, with 
renewable plant-derived biomass, being a focus of research.  
In addition to assessing the technical and economic feasibility of producing and using these 
alternative fuels, environmental outcomes are important to address. A suite of environmental 
assessment methods are available, such as environmental impact assessment (on the ground 
assessment, which can include biodiversity assessments) and life cycle assessment (LCA). LCA is 
well-suited to quantifying certain aspects of sustainability across the whole value chain. LCA is 
recognised as a cornerstone methodology to quantify greenhouse emissions of alternative fuel 
systems, as reflected in many current biofuel sustainability standards (Kunen & Chalmers 2010). 
One of these alternative fuel pathways, and the focus of this study, is to produce bio-fuels (including 
those which can substitute for fossil-based Jet A-1) from mallee (a class of eucalypt) plantations. This 
production process involves harvesting biomass, grinding and drying the harvested biomass, followed 
by pyrolysis, upgrading and hydrocracking of oil products produced from the various processes. After 
the biomass is harvested (or coppiced), the mallee plant regenerates, allowing for successive and 
ongoing biomass harvests.  
RMIT University was commissioned by the Future Farm Industries Cooperative Research Centre 
(FFICRC) to undertake a life cycle assessment (LCA) of biofuels derived from mallee. This ISO 
14040:2006 / ISO 14044:2006 compliant LCA report documents the goal and scope of this study, LCA 
methodology, findings and limitations.  
Mallee Aviation Biofuels Life Cycle Assessment 
 Final peer-reviewed LCA report 
Version: 4.0 
Page 13 
2 Goal of the study 
2.1 Reason for carrying out the study 
The goal of this life cycle assessment is to compare the climate change impact, non-renewable 
cumulative energy demand and fossil fuel depletion impacts of the following product systems: 
• Bio-jet fuel (from mallee biomass) vs. fossil-based Jet A-1 fuel 
• Mixed-enterprise grain farms (producing mallee biomass, grains and sheep products) vs. 
conventional mixed-enterprise farming systems (producing grains and sheep products) 
The outcomes of the bio-jet fuel comparison will be used by FFICRC for incorporation into a broader 
sustainability assessment, which will then be used as part of a certification process under the 
Roundtable on Sustainable Biomaterials (RSB) scheme (see http://rsb.org/sustainability/rsb-
certification/). 
The objective of the farm system comparisons is to compare the direct environmental footprint of 
farms with and without mallee crops. The intent of this does not extend to comparing individual 
agricultural products being produced by these farms systems (e.g. sheep products, grain). 
This study forms the basis for future potential life cycle assessments on the system(s) under 
consideration. 
2.2 Intended application 
This LCA is intended to be used by Future Farm Industries Cooperative Research Centre (FFICRC) 
as part of a broader sustainability assessment report, authored by FFICRC, for submission to the 
Roundtable on Sustainable Biomaterials. The intended audience for the FFICRC report is Airbus. The 
FFICRC report will address environmental, economic and region-specific societal issues relating to 
mallee cropping and subsequent processing to bio-jet fuel. Pending favourable outcomes of this 
study, some outcomes of this study may be used for marketing purposes and as part of certification 
against RSB guidelines. Finally, it is intended that this LCA will serve as a basis for future LCA 
research. 
2.3 Involved parties 
The study was undertaken with the involvement of parties as follows: 
Commissioning party: Future Farm Industries CRC (FFICRC) 
Participating parties: Airbus, Manchester Metropolitan University, Virgin Australia, Renewable Oil 
Corporation (ROC), Enecon, Dynamotive, IFP Energies nouvelles (IFPEn). 
ISO reviewer: Prof. Annette Cowie (Director of Rural Climate Solutions, a collaboration 
between the University of New England and NSW Department of Primary 
Industries) 
2.4 Intended audience 
The intended audience for this study is FFICRC and its project stakeholders, including Airbus, Virgin 
Australia and Renewable Oil Corporation (ROC). Pending the outcomes of this study, the audience 
may be expanded to include other stakeholders, such as the Roundtable on Sustainable Biomaterials 
and the general public.  
2.5 Statement regarding comparative assertions 
Certain aspects of this study, including comparative assertions, are intended to be disclosed to the 
public. As such, a peer-review has been undertaken in accordance with the requirements of ISO 
14040:2006/14044:2006 (ISO 2006a, 2006b).  
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3 Scope 
3.1 Description of product systems under consideration 
The focus of this study is to compare the environmental impacts of the following systems, in the 
temporal scope of 2021-2051: 
• Bio-jet fuel (from mallee biomass) vs. fossil-derived jet fuel, for combustion in an Airbus A330-
200 
• Mixed-enterprise grain farms (producing mallee biomass, grains and sheep products) vs. 
conventional mixed-enterprise farming systems (producing grains and sheep products) 
The farming region of interest is in the Great Southern area of Western Australia. This region is 
characterised by annual rainfall of between 400-600 mm, wet cold winters and dry summers, and 
various soil types, predominantly sands, but also including loams and clays. The agricultural and 
mallee crops are not irrigated. At any one time, approximately 25-50% of alley (the land between 
mallee belts) farm land is in grain crops, with the remainder in pasture for sheep grazing (Abadi 
2012). The farming mix assumed in this study includes wheat, canola, lupins and sheep. Further 
details of the mix are provided in the inventory. 
Mallees are multi-stemmed native eucalypt trees that can be used as short-cycle coppice crops. They 
are typically planted to manage dryland salinity, and in anticipation of as-yet unrealised market for 
biomass. Mallee crops are planted in two-row belts (one tree either side of a line), typically 6 – 12 m 
wide (Olsen 2012). The belt width assumed for this study is 7 m. The length of the belts varies. A 
photograph of mallee crops is provided in Figure 3-1. Mallee belts typically occupy between 7-10% of 
farm area (Abadi 2012; Bartle & Abadi 2010). The proportion of land occupation attributable to mallee 
crops are reported in the inventory. 
 
Figure 3-1: Photograph of mallee farming system. The mallee belts extend to the horizon. 
Source: (Abadi 2012) 
On either side of the mallee belt is a competition zone, typically 20 m in width depending on rainfall, 
where water is depleted relative to the remaining farm alley (Bartle & Abadi 2010). In this study, the 
mallee belts are assumed to be planted in predominantly pastured areas, meaning that the effect of 
the competition zone on crop yields is expected to be minimal. The distance between mallee belts is 
typically between 50 and 100 m (Olsen 2012); 100 m was assumed for this study. The design of the 
plantation is optimised to maximise tree yield and minimise the competition with agricultural crops 
(Abadi 2012; Bartle & Abadi 2010).  
A schematic of the crop establishment and harvesting cycle is presented in Figure 3-2. Due to the 
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build-up of nutrients in the soil from prior agricultural activities, fertilisers are not typically applied 
before the establishment phase, but are applied after the initial harvest, as well as after subsequent 
harvests. FFICRC stakeholders have indicated that herbicides will likely be applied prior to tree 
establishment, but will not be used after planting. Details of fertilising and herbicide application are 
reported in the inventory. 
Acquistion of farm 
land, including land 
use change
Seedling and 
sapling 
management (crop 
establishment)
Harvesting 
operations
Crop management
Harvesting cycle
Haulage and 
transport to 
processor
 
Figure 3-2: Schematic of mallee establishment and cropping system. Figure adapted from (Wu 
et al. 2005) and (Abadi 2012) 
Following the first harvest, mallee can be harvested on a 3-7 year cycle (Bartle & Abadi 2010). In this 
this study, the first harvest is assumed to occur 6 years after tree establishment, followed by a four-
year harvest cycle (Abadi 2012). The mallee yields can range from 10 to 20 green tonne per hectare 
per year depending on soil type, rainfall and other factors (Abadi 2012), or 40 to 80 green tonne per 
hectare for each harvest cycle (Abadi 2012). For this study, it is assumed that the first harvest yield is 
60 green tonne per hectare, with subsequent harvests at 70 green tonne per hectare. 
Following harvesting the wet biomass is dried to reduce the moisture content from approximately 45% 
to 10%, then ground. The ground, dry biomass is then processed using fast pyrolysis, producing bio-
oil, non-condensable gases (NCG’s) and char. The NCG’s and char can be used for process heat 
(e.g. for drying), or for other beneficial purposes (e.g. for increasing carbon in soil, substitute for 
coke). In this study, the char is assumed to be sold (as the most profitable use) as a substitute for 
black coal, while the NCG’s are used as a carrier gas for the incoming ground biomass, as well as for 
heat for the pyrolysis process. The bio-oil is typically unstable and must be upgraded and processed 
further to meet specific property requirements. The focus of this study is a two-stage upgrading 
process, developed by Dynamotive, producing UBA (Stage 1) and UBB oil (Stage 2). The upgraded 
UBB oil then undergoes a final processing step, including hydrocracking, which produces 
hydrocarbon bio-fuels. A schematic of the process is outlined in Figure 3-3. 
 
Figure 3-3: Schematic of UBA (Stage 1) and UBB (Stage 2) process. Figure courtesy of IFPEn. 
IFP Energies nouvelles (IFPEn) have indicated that some of these bio-fuels, such as those refined in 
the kerosene/Jet A-1 range, are expected to include aromatic compounds, which provide similar 
properties (such as freezing points and flash points) to existing, fossil-based fuels. As such, the jet 
bio-fuel produced is expected to be able to directly substitute fossil-based Jet A-1 for aviation 
applications. The energy density and volumetric density of the bio-fuels are the same as for their 
fossil-based equivalents. The bio-fuels may be blended with existing fossil-based Jet A-1 for 
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economic reasons. The default assumption for this study is a 50% bio-fuel/50% fossil-based Jet A-1 
(mass basis) blend. Variations in impacts for different blends are explored in a sensitivity study. The 
blended fuel is then delivered to the airport and aircraft, where it is combusted in a jet turbine for flight 
operations. A schematic of the dry biomass to biofuel life cycle is presented in Figure 3-6. 
 
Figure 3-4: Schematic of dry biomass to biofuel life cycle. Figure courtesy of IFPEn. 
The fossil-based Jet A-1 system comprises of exploration and extraction of crude oil, the transport of 
crude oil to a refinery, the processing of crude oil to Jet A-1, transport to the airport and aircraft, and 
finally combustion in a jet turbine for flight operations. 
3.2 Functional units of product systems 
The functional unit (FU) is the unit by which all environmental comparisons are made. It is based on 
quantifying the primary function of a product or service. 
3.2.1 Jet fuel system comparisons 
In the US Air Force guidance on LCAs of aviation fuels, the functional unit is suggested as an energy 
unit of 1 MJ (Lower Heating Value, LHV) (Allen et al. 2009). This unit is based on a primary function of 
propulsion. The focus of this study is the use of jet fuel to move people over distance. In this respect, 
it is more common to report transport emissions against a function of transporting people over 
distance. The number of passengers can vary seasonally. The data used in this study is based on an 
average of a year’s operation. As such, the functional unit for all jet fuel comparisons are made based 
on the following functional unit: 
“One typical Airbus A330-200 commercial passenger aircraft flight, operating twin Rolls 
Royce Trent 772B turbines, between Perth and Sydney (Kingsford Smith) airports.” 
This approach to the functional unit allows for the modelling to account for differences in performance 
of the systems (e.g. differences in maximum flight distances due to variations in energy density of 
fuels between the systems being compared). The fuels considered in this study had the same energy 
and volumetric densities. 
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3.2.2 Farm systems comparisons 
As stated above, the primary objective of the farm system comparisons is to compare the total mixed 
enterprise farming environmental impacts between the system with, and the system without, mallee 
farming. The primary function of a mixed enterprise farm is to produce agricultural products. Because 
individual products will not be compared, the farm system comparisons can be based at the farm 
level. The farms which are to be planted with-mallee will vary considerably in size. It is not the intent 
of this study to assess the environmental impacts of individual farms. Rather, the intent is to give an 
indication as to the likely environmental impacts (footprint) of mixed enterprise farms with and without 
mallee. As such, the functional unit is based on a nominal farming area of 1000 hectare. The 
functional unit is defined as : 
“The productive use of a 1000 hectare farming area for one year, producing sheep, 
lupins, canola and wheat, with the average yearly product outputs defined in Table 3-1.” 
Table 3-1 Mixed enterprise farming outputs per functional unit 1000 ha. Both systems 
considered produce the same product outputs. 
Product Output per functional unit 
Sheep 3,639.7 DSE 
Lupins 62.5 tonne 
Canola 226.6 tonne 
Wheat 630.7 tonne 
 
No final product-specific factors are reported for the agricultural products (e.g. emissions per tonne of 
wheat), as these individual products are not the focus of this study. 
3.3 Scope of environmental assessment 
The scope of environmental assessment is limited to climate change impact, non-renewable 
cumulative energy demand and fossil fuel depletion. Inventory indicators (which do not directly relate 
to environmental assessment) are provided for land use and water use. Further details of the impact 
assessment method used are provided in Section 3.13. Limitations to the impact assessment method 
are provided in Section 12.7 of this report. 
3.4 Geographical scope 
The LCA is limited to the following geographical regions: 
 Farming of grains and mallee in the Great Southern region of Western Australia, covering the 
towns of Narrogin, Wagin, Katanning and Kojonup. 
 Processing of biomass to bio-oil based on two theoretical plant modules in the Great Southern 
region, with a maximum processing capacity of 200 dry tonne per day, per module. 
 An upgrading facility at Kwinana, Western Australia 
 The supply of agricultural inputs (e.g. fertilisers) from existing supply chains from Western 
Australia. 
 The supply of fossil-derived jet fuel from BP Kwinana, Western Australia. The default 
assumption is crude oil will be supplied from the Middle East. Other sources are investigated in 
a sensitivity study. 
 The operation of an Airbus A330-200 passenger aircraft, operating twin Rolls Royce Trent 
772B turbines, between Perth and Sydney (Kingsford Smith) airports. 
The operation of an Airbus A330-200 on the return leg (from Sydney to Perth) is beyond the scope of 
this project. 
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3.5 Temporal scope 
The supply chain for the bio-fuel is not yet established. As such, this LCA is focussed on assessing 
the establishment of mallee crops in 2021, then farming operations over the next thirty years 2022-
2051. The comparisons will focus on projected established supply chains for a reference year in this 
period with and without mallee crops. Farm inputs and yields are based on historical averages. The 
emissions profile of supply chain inputs (e.g. electricity, materials) are likely to change over the 2021-
2051 time period. To account for this variation, the supply chain inputs are based on a reference year, 
2034-35, where projections for the electricity grid (one of the main inventory flows in this study) are 
available. 
It is recognised that from the time of planting to full establishment, a bio-fuels production system 
would need to rely on transitional feedstock (while mallee crops are being established), such as 
forestry products or cereal straw. An assessment of the environmental impacts associated with the 
transitional feedstock is beyond the scope of this study. 
 
3.6 Assessments outside of scope 
After consultation with the FFICRC, the following environmental and sustainability aspects are beyond 
the scope of the LCA: 
 Eutrophication potential. The exclusion of this was based on fate modelling assumptions in life 
cycle assessment, which would not likely account for topology nor reflect the environmental 
impacts in the region of interest. The issue of fertiliser run off and associated potential 
eutrophication impacts are addressed in FFICRC’s sustainability assessment. 
 Land-use impacts. The environmental impact of the land use, such as biodiversity, will not be 
included in this assessment. Biodiversity impacts are addressed in FFICRC’s sustainability 
assessment. The effect of direct land-use change on carbon stocks, however, is included in this 
LCA. 
 Soil salinity. The current characterisation model does not support the assessment of non-
irrigated pasture/paddocks (Feitz & Lundie 2002; Grant & Peters 2008). In addition, modelling 
does not readily account for variations in local topography or remediation measures put in place 
by farmers (e.g. levees, banks or drains). Salinity impacts and/or benefits are addressed in 
FFICRC’s sustainability assessment. 
 Water stress indicators. Water use has been included as an inventory indicator only and is not 
intended to assess environmental impacts associated with the product systems under 
consideration. Water impacts are addressed in FFICRC’s sustainability assessment. 
 Indirect land use change. This assessment does not discount the possibility of the potential 
indirect environmental consequences caused by the planting and harvesting of mallee crops on 
existing pasture. The study assumed that reductions in sheep numbers from plantation of 
mallee could be offset by higher stocking rates. This issue are addressed in FFICRC’s 
sustainability assessment. 
 Social and economic assessment. 
 Environmental assessment of transitional feedstock 
3.7 System boundaries 
The system boundary outlines the processes which are to be included in the life cycle assessment. 
The system boundary diagram for this project is outlined in Figure 3-5 and Figure 3-6. The system 
boundaries are intended to capture at least 99% of environmental impacts associated with the 
systems. 
The processes included in the system boundaries relate to mallee establishment, biomass production 
and mixed enterprise farming operations, fast pyrolysis, distillation, distribution and shared operations. 
Infrastructure processes for pyrolysis and upgrading plant are included. Excluded processes are 
some infrastructure processes (e.g. factories, roads), human labour, wetting agents, surfactants and 
administration overheads. Shared processes are those that are common to multiple processes in the 
system boundary and are shown as disconnected in Figure 3-5 and Figure 3-6 for clarity. These 
Mallee Aviation Biofuels Life Cycle Assessment 
 Final peer-reviewed LCA report 
Version: 4.0 
Page 19 
shared processes include electricity production and distribution, fossil fuel extraction and production, 
and are accounted for in each inventory (refer Section 4 and tables therein). The product output for 
the systems considered are the same (refer Table 4-1, Table 4-2 and Table 4-10). 
3.7.1 Farm systems comparisons 
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Figure 3-5: System boundary for farming comparisons. Shared processes are not connected 
and are within lower half (grey area) of the system boundary. 
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3.7.2 Jet fuel system comparisons 
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Figure 3-6: System boundary for jet-fuel comparisons. Shared processes are not connected and are within the bottom left-hand corner of the 
system boundary. 
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3.8 Cut-off criteria 
The cut-off criteria for the inclusion of inputs and outputs were based on mass and energy. 
Foreground energy and mass flows used in the impact assessment methods have been captured, 
however some background flows associated with the background datasets may have been omitted.  
It is estimated that elementary flows representing less than approximately 1% of the cumulative mass 
flows have been omitted. Likewise, it is estimated that elementary flows representing less than 
approximately 1% of the cumulative energy flows have been omitted. These cut-off criteria are 
estimates only and may not reflect actual cut-off applied. 
The majority of energy data is to the second order (cradle to gate and transmission losses) although 
some background European data from ecoinvent include the third order (capital equipment). This 
capital equipment has been excluded from the inventory. 
3.9 Treatment of missing data 
The treatment of missing data has been documented in the inventory for each unit process where 
missing data were identified. 
3.10 Description of critical review process 
The comparative assertions in this report may be disclosed to the public. As such, the report has been 
peer-reviewed by an external expert. This review was carried out by Prof. Annette Cowie Director of 
Rural Climate Solutions, a collaboration between the University of New England and NSW 
Department of Primary Industries) to the requirements of ISO 14040:2006/ISO 14044:2006. Reviewer 
comments and actions to address these are published in Section 14. 
3.11 Methodology 
Life Cycle Assessment (LCA) is used as the core method for assessing the environmental impacts of 
the products considered. The method applied is in accordance with the requirements of ISO 
14040:2006 and ISO 14044:2006. The first stage of life cycle assessment is goal and scope 
definition, which is outlined in the preceding sections. The second stage is the development of a life 
cycle inventory, or collation of process and environmental flows related to the delivery of the 
functional units. The third stage of LCA is to translate the inventory into environmental indicators (life 
cycle impact assessment, LCIA). The last stage of the LCA is to understand and interpret the LCIA 
results, taking into account the inventory and goal and scope. 
3.12 Allocation procedures 
A number of processes within the system boundary have multiple inputs and/or outputs. For delivering 
the functional unit, a procedure for partitioning impacts associated with these processes is required. 
ISO 14044:2006 (ISO 2006b), contains a hierarchal procedure for partitioning: 
Step 1: Wherever possible, allocation should be avoided by:  
(1) dividing the unit process to be allocated into two or more sub-processes and collecting 
the input and output data related to these sub-processes, or 
(2) expanding the product system to include the additional functions related to the co-
products, taking into account the requirements of 4.2.3.3. 
 
Step 2. Where allocation cannot be avoided, the inputs and outputs of the system should be 
partitioned between its different products or functions in a way that reflects the underlying 
physical relationships between them; i.e. they should reflect the way in which the inputs and 
outputs are changed by quantitative changes in the products or functions delivered by the 
system. 
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Step 3. Where physical relationship alone cannot be established or used as the basis for allocation, 
the inputs should be allocated between the products and functions in a way that reflects other 
relationships between them. For example, input and output data might be allocated between 
co-products in proportion to the economic value of the products. 
In this study, the systems requiring treatment of allocation are predominantly multi-output processes. 
Further details on the methods applied are reported in Sections 3.12.1 to 3.12.4. 
3.12.1 System expansion 
System expansion is the preferred method of dealing with co-production as it includes processes or 
products which will be affected by possible product substitution (Weidema, Bo P. 2003). ISO 
14044:2006 states that allocation should be avoided, if possible, by subdividing the system, or when 
this is not possible, through system expansion (ISO 2006b). In certain instances, sub-division is not 
possible, in which case system expansion should be applied. The rules for system expansion are not 
defined in ISO 14044:2006. There is still no agreed consensus on how to perform system expansion. 
Rather than applying system expansion on an ad-hoc basis, the following four rules, as outlined by 
Weidema (Weidema, Bo P. 2001), were used in the base scenario to expand the system boundary. 
Using Weidema’s rules ensures a consistent and impartial expansion of the system boundary. The 
associated processes are presented schematically in Figure 3-7. Intermediate processes (I) occur 
between the co-producing process and where displacement or substitution occurs (Weidema, Bo P. 
2001). 
Weidema’s procedure for system expansion is as follows: 
1) The co-producing process (Process A) shall be ascribed fully (100%) to the determining co-
product for this process (Product A in Figure 3-7) 
2) Under the conditions that the dependent co-products (Product B in Figure 3-7) are fully utilised, 
i.e. that they do not partly go to waste treatment, Product A shall be credited for the processes 
that are displaced by the dependent co-products (Process D in Figure 3-7). The intermediate 
treatment (Process I in Figure 3-7) shall be ascribed to Product A. If there are differences 
between a dependent co-product and the product it displaces, and if these differences cause any 
changes in the further life cycles in which the dependent co-product is used, these changes shall 
likewise be ascribed to product A. 
3) When a dependent co-product is not utilised fully (i.e., when part of it must be regarded as a 
waste), but at least partly displaces another product, the intermediate treatment shall be ascribed 
to product B, while product B is credited for the avoided waste treatment (Process W in Figure 
3-7) of the co-product. 
4) When a dependent co-product is not displacing other products, all processes in the entire life 
cycle of the co-product shall be fully ascribed to product A. 
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Figure 3-7. Model for system expansion. From (Weidema, Bo P. 2003). The applicability of 
Process D and W (dashed lines), are dependent on the utilisation of the co-products, Figure 
3-8 
 
A stepped procedure for dealing with the system expansion rules is outlined in a decision-diagram in 
Figure 3-8. 
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Figure 3-8. Decision tree for system expansion. From (Weidema, Bo P. 2001). 
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System expansion has been applied to two foreground processes: 
 Fast pyrolysis, where the char is produced as a co-product. 
 Bio-oil upgrading to UBA, where acetic acid and methanol are produced as a co-product. 
The products which are modelled in this study stem from the primary process (Process A). As such, 
the processes which need to be ascribed to Process A need to be determined. The decision flow for 
applying system expansion to these two processes, and the outcome of the application of the system 
expansion method, is reported in Table 3-2. Emissions associated with the use of the co-products 
were attributed to the next life cycle and no credits were given for avoided emissions arising from the 
use of these co-products. 
Table 3-2: Application of system expansion. 
Decision outcome 
Process and justification 
Fast-pyrolysis, producing char 
Bio-oil upgrading to UBA, 
producing acetic acid and 
methanol 
Can the outputs of the co-producing 
process be independently varied? 
No. The process has been 
optimised to maximise bio-oil 
output. 
No. The amount of acetic acid and 
methanol produce is limited by the 
feedstock 
Is the co-product of interest 
determining for process A? 
No. The co-product of interest is the 
char. The process is established to 
produce primarily bio-oil. 
No. The co-products of interest are 
acetic acid and methanol. The 
process is established to upgrade 
bio-oil to UBA oil. 
Is the dependent co-product fully 
utilised? 
Yes. It is assumed that, given the 
value is >$0, that that the co-
product will be fully utilised and 
none will go to waste. 
Yes. It is assumed that, given the 
value is >$0, that that the co-
products will be fully utilised and 
none will go to waste. 
Outcome for Product A Product A (bio oil) ascribed all 
processing impacts of bio-oil 
production, as well as intermediate 
impacts for char (e.g. storage). 
Credit given for avoided production 
of coal. No credits were given for 
avoided emissions from coal 
combustion as no char is 
combusted in Process A. 
Product A (UBA oil) assigned all 
processing impacts of UBA 
production. Credit given for avoided 
production of acetic acid and 
methanol. 
 
3.12.2 Physical allocation 
The second step in the ISO 14044:2006 is to partition the impacts of products or functions in a way 
that reflects the underlying physical relationships between them. For the purposes of this study, 
physical allocation, on an energy basis, are applied to the outputs of the fractionation of hydro-
reformed bio-oil and the outputs of the fractionation (refining) of fossil-fuels. Likewise, allocation of 
transport tasks are applied based on mass. 
3.12.3 Economic allocation 
If physical allocation or system expansion is not possible, the third step in ISO 14044:2006 were used 
to assign the impacts of related products according to another relationship, other than physical. An 
example of this is economic allocation, where impacts of the products from a co-producing process 
are allocated based on a percentage of total revenue. A form of economic allocation has been applied 
to the refining of ULP91/RON91 and ULP95/RON95 from crude oil. 
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3.12.4 Allocation procedures applied 
A summary of the allocation procedures applied in foreground and key background inventories are 
provided in Table 3-3. 
Table 3-3: Allocation procedures applied 
Unit process Co-products Procedure applied 
Crude oil refining 
to jet-fuel 
LPG, ULP, ULP 95, ULP 98, Light oil 
blending components, Light oil 
intermediates, Jet fuel, Automotive 
diesel, Automotive diesel blending 
components, Light cycle oil, Fuel oil, 
Fuel oil components, Residue process 
oils, Cracker feed, Bitumen, 
Miscellaneous products, Hydrogen 
Physical allocation by energy content, 
coupled with price-corrected allocation 
for ULP91 and ULP95. 
Mixed farming, 
without mallee 
Wheat, canola, lupins, sheep products  
Avoided allocation by increasing detail 
Mixed enterprise 
farming, with-
mallee 
Wheat, canola, lupins, sheep products, 
mallee biomass Avoided allocation by increasing detail 
Fast pyrolysis 
Bio-oil, non-condensable gases, char Co-product of interest is bio-oil. Co-
product is char. System expansion 
performed as the baseline, with credits 
given for avoided coal production. Non-
condensable gases utilised by process 
Sensitivity study on physical allocation 
by mass.  
Upgrading of bio-
oil to UBA 
Methanol, acetic acid Co-product of interest is UBA oil. Co-
products are methanol and acetic acid. 
System expansion performed as the 
baseline, with credits given for avoided 
methanol and acetic acid production. 
Sensitivity study based on physical 
allocation by mass.  
Processing and 
refining of UBB oil 
to bio-fuel 
Bio-diesel,  Co-product of interest is bio-fuel. 
System expansion not possible. 
Physical allocation by energy content. 
Sea and road 
freight 
Freight Physical allocation by mass 
(background datasets). 
Electricity and 
natural gas 
Electricity Physical allocation by delivered energy 
(background datasets). 
Pipeline transport 
Jet fuel Physical allocation by mass 
(background datasets). 
Reticulated water Water Physical allocation by volume (mass). 
Wastewater 
processing 
Wastewater inputs Avoided allocation by increasing detail, 
then allocation by volume (mass) of 
wastewater processed (for wastewater 
treatment processing, pumping etc.) 
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3.13 Life Cycle Impact Assessment Method 
This study utilises the Australian Impact Method to interpret LCA inventory results. The method 
translates emissions, resource extraction and other inputs into defined environmental or inventory 
indicators. A listing of the methods used in the assessment method is summarised in Table 3-4 and 
Table 3-5. Characterisation factors for the impact assessment methods are provided in Appendix A. 
Table 3-4: Life cycle impact assessment indicators 
Environmental 
Indicators 
Unit 
Description 
Climate change 
impact 
tonne CO2 
eq 
Global warming effects resulting from the emission of carbon 
dioxide (CO2), methane or other global warming gases into the 
atmosphere – this indicator is represented in CO2 equivalents. 
 
Factors applied to convert emissions of greenhouse gas 
emissions into CO2 equivalents emissions are taken from the 
IPCC Fourth Assessment Report (2007). The values used are 
based on a 100 year time horizon. 
 
The global warming potential for biogenic methane was 22.25 kg 
CO2-eq/kg, based on an adjustment to account for (biogenic) 
carbon dioxide sequestration. Biogenic carbon dioxide uptake 
(raw) and air emissions were both assigned a global warming 
potential of zero. Further details on this treatment are provided in 
Section 3.13.1. 
On-renewable 
Cumulative 
Energy Demand 
(CED) 
GJ Lower 
Heating 
Value (LHV) 
All non-renewable primary energy use including fossil, electrical 
and feedstock (energy incorporated into materials such as 
plastic). The lower heating value (LHV) does not account for the 
heat released during condensation of vapour. 
Fossil fuel 
depletion 
$ 
The additional investment required to extract fossil fuel 
resources. This can be considered as an indicator of stress on 
existing fossil fuel reserves. Over time, reserve quality reduces, 
meaning that more investment is needed to extract the resource. 
Factors to convert raw material inputs into $ equivalents are 
taken from the ReCiPe method (Version 1.07 - July 2012, © PRé 
Consultants, Radboud University Nijmegen, Leiden University, 
RIVM, www.lcia-recipe.net). 
 
Table 3-5: Inventory Indicators 
Inventory 
Indicators 
Unit Description 
Energy ratio % 
Ratio of the total energy output of fuel (lower heating value) to 
the non-renewable cumulative energy demand required to 
produce the fuel. 
 
3.13.1 Treatment of biogenic flows and carbon sequestration 
The treatment of the impact assessment of biogenic carbon dioxide air emissions was based on IPCC 
guidelines for the development of greenhouse gas inventories: 
”Carbon dioxide from the combustion or decay of short-lived biogenic material removed from where it 
was grown is reported as zero in the Energy, IPPU and Waste Sectors (for example CO2 emissions 
from biofuels and CO2 emissions from biogenic material in Solid Waste Disposal Sites (SWDS).” 
Section 1.2 from (IPCC 2006a) 
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In this approach, biogenic carbon dioxide air emissions, including those resulting from the 
stoichiometric combustion of biogenic methane, are assigned a global warming characterisation factor 
of zero. The characterisation factor for biogenic methane must be adjusted to account for sequestered 
biogenic carbon. That is, one methane molecule (molecular mass 16 g/mol) effectively sequesters 
one molecule of biogenic carbon dioxide (44 g/mol). So applying the standard 100-year time horizon 
global warming potential of both gases and their relative masses, the GWP of biogenic methane is 
reduced to 22.25 kg CO2-eq/kg.  
The treatment of non-degraded biogenic carbon in soil, including below-ground carbon storage 
stemming from direct land use change, is assumed to be stored beyond the 100 year assessment 
period. As such, carbon sequestration is counted as a credit calculated based on carbon-dioxide 
equivalents, with a global warming potential of -1.  
An alternative to this approach is to assign a global warming potential of -1 for all carbon dioxide 
uptake, and +1 for all biogenic carbon dioxide air emissions. The GWP of biogenic methane remains 
at 25 kg CO2-eq/kg. Because carbon uptake is effectively accounted for already, there carbon 
sequestration (in soil) is assigned a GWP of zero.  
An example comparison of the two impact assessment approaches is provided in Figure 3-9. If the 
complete life cycle inventory balances for carbon uptake and biogenic carbon releases, then the 
global warming potential of the two approaches will be identical. 
Figure 3-9: Impact assessment approaches for global warming potential, for a) balanced 
carbon and b) imbalanced carbon. If carbon balances, then the characterised result will be 
identical (a). Different characterised results occur if carbon does not balance.  
Uptake System
CO2
(raw, from air)
CO2
(air, biogenic)
+
CH4
(air, biogenic)
+
CO2
(soil seq., biogenic)
kg substance 1.0000 0.5000 0.1000 0.2255
kg elemental Carbon 0.2729 0.1365 0.0749 0.0615 0.0000
This study 0 0 22.25 -1 - 2.00
Alternate approach -1 1 25 0 - 2.00
Characterised 
result
(kg CO2-eq)
Carbon balance
Release
Flow
GWP
 ---->
 
(a) Carbon balance 
Uptake System
CO2
(raw, from air)
CO2
(air, biogenic)
+
CH4
(air, biogenic)
+
CO2
(soil seq., biogenic)
kg substance 0.9800 0.5000 0.1000 0.2255
kg elemental Carbon 0.2675 0.1365 0.0749 0.0615 -0.0054
This study 0 0 22.25 -1 - 2.00
Alternate approach -1 1 25 0 - 2.02
Flow
Release
Carbon balance
Characterised 
result
(kg CO2-eq)
 ---->
GWP  
(b) Carbon imbalance 
 
In this study, background inventories (including inventories from ecoinvent and AUPLCI) do not 
balance for carbon uptake and biogenic carbon releases. As such, without modifying the entire 
background dataset, the first approach (GWP) is considered the most appropriate methodology for 
assessing global warming potential in this study. The reason for the carbon imbalance in the 
background datasets is likely associated with the allocation methods being applied, and cut-off. In 
addition, the assignment of a GWP of zero to biogenic carbon dioxide emissions is in alignment with 
the USAF assessment guidelines, cited as a requirement by the commissioning party (Allen et al. 
2009). 
Further descriptions on this approach, including its application in LCA, are available in the following 
references: 
 ETH Zurich 2011, Lecture: Advanced Environmental Assessments, Carbon Footprint and 
LCA, <http://www.ifu.ethz.ch/ESD/education/master/AESEA/CarbonFootprint_111201_v1.0>. 
(ETH Zurich 2011) 
 Muñoz, I, Rigarlsford, G, Canals, L & King, H 2013, 'Accounting for greenhouse gas 
emissions from the degradation of chemicals in the environment', The International Journal of 
Life Cycle Assessment, vol. 18, no. 1, pp. 252-62. (Muñoz et al. 2013) 
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 Dettling, J & Margni, M 2009, Comparative Environmental Life Cycle Assessment of Hand 
Drying Systems: The XLERATOR Hand Dryer, Conventional Hand Dryers and Paper Towel 
Systems. Prepared for Excel Dryer, Inc., Quantis. (Dettling & Margni 2009) 
 van Durme, G, Charron-Doucet, F, Clément, É & Strecker, T 2011, Environmental Life Cycle 
Assessment of Paperback Book Printing Alternatives in the USA. Final Project Report. Report 
for Hewlett Packard, Quantis. (van Durme et al. 2011) 
No correction factors were applied to account for delayed releases. All air emissions occur within the 
100 year time horizon. 
3.13.2 Treatment of aircraft emissions 
The aircraft under the goal and scope of this study is an Airbus A330-200, combusting Jet A-1 fuel. 
The main greenhouse gases associated with the combustion of Jet A-1 fuel are carbon dioxide (CO2), 
methane (CH4) and nitrous oxide(N2O). The emissions of aircraft and the interaction of emissions at 
high-altitude are different to ground-level emissions. For example, at altitude, nitrogen oxide 
emissions (NOx) can accelerate the formation of ozone (O3), which itself is a greenhouse gas. In 
addition, this ozone can react with methane, thereby reducing the greenhouse gas potential of 
methane at altitude (Jardine). The interactions between these emissions are not well understood 
(Jardine undated; Penner et al. 1999). No correction factors were applied to the global warming 
potential (GWP) to account for these emission interactions and possible changes in radiative forcing 
potentials. This approach (to not modifying characterisation factors for aircraft emissions at altitude) is 
consistent with other greenhouse gas protocols, including PAS 2050:2011 (BSI 2011) and ISO TS 
14067.  
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4 Life cycle inventory 
This section details the information and assumptions used to develop the life cycle inventory for the 
products considered in this study.  
4.1 Reference flows for delivery of functional units 
The reference flows are the main flows which are required to fulfil the functional unit. These are 
reported in Table 4-1 and Table 4-2. The bio-jet fuel scenario is based on a 50% blend of bio-jet fuel 
and fossil-based Jet A-1. A sensitivity study, Section 8.7, will investigate the results of the study if 
100% bio-jet fuel is assumed. An assumption in this study is that mallee plantation displaces sheep. 
As such, additional sheep must be added to the with-mallee system. These additional sheep are 
assumed to be accommodated within the existing mixed enterprise farm pasture area. 
Similarly, the with-mallee system ultimately produces bio-fuel. The counter-factual to this is that if 
biofuels from mallee did not exist, then the economy more broadly would need additional fossil-based 
Jet A-1 fuel to meet demand. Thus, additional fossil-based Jet A-1 flights are added to the without-
mallee farm system. The number of additional fossil-based Jet A-1 flights added to the without-mallee 
system is equivalent to the amount of bio-based jet fuel that would be produced in the with-mallee 
system. 
The approach to adding additional sheep to the with-mallee system and additional fossil-based Jet A-
1 flights to the without-mallee system ensures that functional equivalency is maintained. Alternatively, 
the approach taken ensures that the demand for farm outputs and jet flights to the economy are 
maintained for all systems considered. 
Table 4-1: Overview of reference flows – jet fuel comparisons 
Output Amount Unit Notes 
Bio-jet fuel Jet A-1 
One typical commercial 
A330-200 flight from 
Perth to Sydney 
1 1 P Functional unit 
Main references flows required to fulfil the functional unit 
Combusted fuel  17184.64 17184.64 kg  
Bio-fuel 8592.32 - kg Based on energy allocation 
for bio-fuel refining 
Fossil-based Jet A-1 fuel 8592.32 17184.64 kg Based on energy allocation 
for crude oil refining 
UBB oil 8488.14 - kg  
UBA oil 10146.53 - kg 100% allocation to UBA. 
System expansion for 
avoided methanol and 
acetic acid production 
Hydrogen for upgrading 
UBA and UBB 
518.61 - kg  
Bio-oil 22236.46 - kg 100% allocation to UBA. 
System expansion for 
avoided coal production 
Dry biomass 36156.85 - kg Accounts for moisture 
content decreasing from 
45% to 10% 
Wet biomass 72469.85 - kg Includes 3% losses 
Mallee farming 4.5294 - Ha.a  
Land use change 0.1510 - ha  
Increased sheep activity 34.60 - p To account for reduced 
pasture area 
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Table 4-2: Overview of reference flows – farming comparisons 
Output Amount Unit Notes 
With-mallee Without mallee 
Productive use of a 1000 
hectare farming area for 
one year, producing 
sheep, lupins, canola and 
wheat. 
1000 1000 Ha.a Functional unit 
Main references flows required to fulfil the functional unit 
Sheep farming; 7.64 
DSE/ha 
- 476.4 Ha.a  
Sheep farming; 8.21 
DSE/ha 
443.3 - Ha.a 
Increased stocking 
rate to account for 
reduced pasture 
area 
Lupin farming 48.1 48.1 Ha.a  
Canola farming 188.8 188.8 Ha.a  
Wheat farming 286.7 286.7 Ha.a  
Mallee farming 33.3 0 Ha.a  
Avoided fossil-based Jet 
A-1 flights 
7.352 0 p 
Equivalent flights 
stemming from 
production of biofuel 
from mallee. Based 
on 4.5294 ha.a per 
flight, and 33.3 ha of 
mallee plantation 
 
4.2 Foreground data requirements 
The following lists foreground inventory data needed to fulfil the requirements of the system boundary. 
The primary data source and relevant section in the inventory are provided in parenthesis. 
 Jet fuel production in BP Kwinana (BP, refer Sections 4.6 and 4.6.3) 
 Mallee farming operations, including establishment, management, land use and harvesting 
(FFICRC, refer Sections 4.19 and 4.20) 
 Grinding of biomass (Enecon, refer Section 4.22) 
 Drying of wet biomass (Enecon, refer Section 4.23) 
 Pyrolysis processing (Dynamotive, refer Section 4.24) 
 Upgrading of pyrolysis oil to UBA and UBB grade (Dynamotive, IFPEn, refer Section 4.26) 
 Processing and refining of UBB grade oil to bio-fuel (IFPEn, refer Section 4.27) 
 Jet fuel use from Perth to Sydney (Virgin Australia, refer Section 4.31) 
4.3 Background data requirements 
In addition to the foreground data, the following background inventory data are needed to fulfil the 
requirements of the system boundary (refer Figure 3-6 in Section 3.7), specifically: 
 Crude oil production (refer Section 4.6.1) 
 Sea freight (e.g. tankers for crude oil, refer Section 4.6.2) 
 Transport of jet fuels to Perth airport (refer Section 4.7) 
 Fertiliser production (refer Section 4.9) 
 Pesticide and herbicide production (refer Section 4.10) 
 Nitrous oxide emissions from nitrogen fertiliser application (refer Section 4.11) 
 Carbon dioxide emissions from application of urea (refer Section 4.12) 
 Farming of sheep and grain (refer Sections 4.13 to 0) 
 Hydrogen production and compression (refer Section 4.28) 
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 Catalyst production and waste (refer Section 4.25 
 Blending of jet fuels (refer Section 4.29) 
 Road freight transport (refer Section 4.30) 
 Aircraft emissions (refer Section 4.31) 
 Electricity production and distribution (refer Section 4.32) 
 Reticulated water (for inputs into some other industrial processes, e.g. electricity generation 
from black coal, refer Section 4.33) 
The background datasets to be utilised in this study are reported in Table 4-3. Full details of which 
datasets have been used are provided in the inventory tables. 
Table 4-3: Life cycle datasets utilised 
Database name Description 
Australasian Unit 
Process Life Cycle 
Inventory (AUPLCI) 
September 2010 
Australian LCA database developed from 1998 up to 2008 by Centre for 
Design from data originally developed with the CRC for Waste 
Management and Pollution Control, as part of an Australian Inventory data 
project. The data from this project has been progressively updated, 
particularly the data for metals production, energy, transport and paper 
and board production. The current dataset is managed by Life Cycle 
Strategies Pty. Ltd. 
Ecoinvent 2.2 
May 2010 
Life Cycle Inventories compiled by the Swiss centre for Life Cycle 
Inventories. The ecoinvent database consists of approximately 4100 
datasets covering a suite of industries in Switzerland and Western 
Europe. 
ESU-Services Biofuels 
inventory  
This inventory is based on research undertaken by ESU, Switzerland 
(Jungbluth et al. 2007) and includes inventory data relating to short-
rotation biomass systems, pre-treatment and pyrolysis systems. Given the 
differences in technologies in this dataset used for minor data gaps only. 
IVAM 4.0 The IVAM 4.0 consists of about 1350 processes, leading to more than 350 
materials. The data can be used for LCA applications in various sectors. 
IVAM is the environmental research, training and consultancy firm of the 
Universiteit van Amsterdam, in environmental aspects of materials. The 
expertise of IVAM has increased through the LCA's performed. The LCA 
database was built during these research projects and has continuously 
been updated.  
U.S. Life Cycle Inventory 
(USLCI) 
Publically available life cycle inventory database developed by the 
National Renewable Energy Laboratory (NREL). Various US government 
agencies, environmental consultancies, private companies and industry 
associations have contributed to the inventory database.  
U.S. Input Output 
Database 1998 
The US input output databases consists of a 500x500 commodity matrix 
from 1998 supplemented with data for capital goods. Data have been 
compiled from several sources, full details of which are provided in the 
database library. This LCA used the US LCI dataset used for veterinary 
services only 
 
4.4 Minimum data quality requirements 
An assessment of the minimum data quality required to fulfil the goal and scope of this study is 
provided in Table 4-4. It is acknowledged that some primary and secondary data may fall outside 
these data requirements.  
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Table 4-4: Minimum data quality requirements 
Inventory Item Time 
related 
coverage 
Geographical 
Coverage 
Technology 
coverage 
Precision Completeness Representativeness Consistency Reproducibility Anticipated 
Uncertainty 
Crude oil production 
2034-35 
Global 
Specific 
technology 
Very good 
>99% Very good Very good Very good 
Low 
Sea freight of crude oil 
Global 
Technology 
mix 
Average Average 
Refining of Jet A-1 Western 
Australia - 
Kwinana 
Specific 
technology 
Very good Low 
Jet-fuel transport to Perth airport Western 
Australia – 
Perth 
Technology 
mix 
Average Average 
Fertiliser production Western 
Australia 
Technology 
mix 
Average Average 
Pesticide and herbicide production Western 
Australia 
Technology 
mix 
Average Average 
N2O emissions from fertilisers Western 
Australia – 
Great 
Southern 
- Good High 
CO2 emissions from urea Global - Good Average 
Farming enterprise mix 
Western 
Australia – 
Great 
Southern 
 
Specific 
technology 
Very good Average 
Wheat farming Good Average 
Canola farming Good Average 
Lupin farming Good Average 
Pasture management and sheep farming Good Low 
Mallee farming - establishment Very good Low 
Mallee farming – direct land-use change Very good Low 
Mallee farming – ongoing management Very good Low 
Mallee farming - harvesting Very good Low 
Biomass grinding 
Western 
Australia – 
Great 
Southern 
Specific 
technology 
Very good Low 
Biomass drying Specific 
technology 
Very good Low 
Fast pyrolysis Specific 
technology 
– process 
for mallee 
biomass 
Very good Low 
Catalyst production and waste 
Global 
Technology 
mix 
Average Average 
UBA/UBB upgrading Western 
Australia - 
Specific 
technology 
Very good Low 
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Inventory Item Time 
related 
coverage 
Geographical 
Coverage 
Technology 
coverage 
Precision Completeness Representativeness Consistency Reproducibility Anticipated 
Uncertainty 
Kwinana – process 
for mallee-
based bio-
oil 
Refining of UBB to jet fuel 
Western 
Australia - 
Kwinana 
Specific 
technology 
– process 
for mallee-
based bio-
oil 
Very good Low 
Hydrogen production – steam reforming Western 
Australia - 
Kwinana 
Technology 
mix 
Very good Low 
Hydrogen production - compression Western 
Australia - 
Kwinana 
Technology 
mix 
Very good Low 
Jet fuel blending Western 
Australia – 
Perth 
Technology 
mix 
Average Average 
Road transport Western 
Australia 
Technology 
mix 
Average Average 
Aircraft fuel use Perth to 
Sydney 
Specific 
technology 
Very good Low 
Aircraft emissions 
Global 
Specific 
technology 
Very good Low 
Electricity production and distribution Western 
Australia 
(SWIS) 
Specific 
technology 
Very good Low 
Reticulated water Western 
Australia 
(Water Corp) 
Specific 
technology 
Very good Average 
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4.5 Overview of supply network 
An overview of the transport network for both the jet fuel and bio-jet fuel are provided in Figure 4-1. 
For the bio-fuel, mallee biomass is harvested from farms within a 100 km radius of the pyrolysis 
processing units in Katanning. It was assumed that the farms were located within a circle of this 
diameter. The average distance of any point in a circle to the centre is 2/3 the radius. Therefore, an 
average centroid transport distance of 66.6 km was assumed. The mallee biomass is converted into 
bio-oil (and char) at the pyrolysis unit. The bio-oil is then transported by articulated truck to an 
upgrading and blending facility in Kwinana. The char produced is intended to be sold as a substitute 
for black coal. Alternative uses for the char are beyond the scope of this study. At this point, the bio-oil 
is upgraded and blended with fossil-based Jet A-1 fuel, before it is transported to Perth Airport via 
articulated truck. 
For the fossil-based Jet A-1 fuel, crude oil is shipped from the Middle East via Singapore. It is then 
refined into Jet A-1 fuel and other refinery products at BP Kwinana. The Jet A-1 fuel is transported to 
a terminal at BP Kewdale via pipeline, before being transported via articulated truck to Perth Airport. 
The hydrogen is assumed to be produced and compressed in a steam reformer in Kwinana, co-
located with the upgrading facility. The transportation of the other refinery products from the BP 
Kwinana refinery is beyond the scope of this study. 
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r l i
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Farm operationsr  r ti
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Articulated truck
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Figure 4-1: Overview of distribution network for bio-fuel and jet-fuel processing 
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4.6 Jet fuel production in Western Australia 
There are a number of different jet (or aviation) turbine fuel specifications, each with their own 
performance properties (such as flash points, colours and tetraethyl lead content) (Marks 2007). The 
jet fuel being considered in this study is Jet-A1 fuel. This fuel has different property requirements of a 
similarly named fuel, Jet-A, which is more common in North America. Jet A-1 should not be confused 
with aviation fuels, such as av-gas, which are used to drive internal combustion (e.g. propeller) 
aircraft. Jet A-1 fuel has a freezing point of below -47°C and a flash point of 42°C (BP 2000). The low 
freezing point and high flash point are particularly important for storage and safety reasons. These 
properties are obtained due to the aromatic hydrocarbons within Jet A-1 fuel. Jet A-1 fuel has a 
heating value of 43.1 MJ LHV/kg (lower heating value, which excludes the heat released from 
condensation). Jet A-1 fuel is essentially the same specification as the military specification JP-8 fuel 
(Elgowainy et al. 2012). 
To produce jet fuel, crude oil is firstly separated into more valuable products. To do this, crude oil is 
distilled (or fractioned) into various products including petrol (gasoline), kerosene, diesel fuel, gas oil, 
lubricating oil (Marks 2007). Catalytic cracking or hydro-reforming can be used to convert other 
fractions into different products (e.g. gas oil to petrol, petrol to jet fuel) (Hemighaus et al. 2006). The 
amount of product recoverable from processing depends on the temperature of the distillation process 
and the extent of the use of upgrading and/or catalytic cracking. For example, 90% Jet A-1 by volume 
can be obtained at a distillation temperature of 234°C (BP 2000). The Jet-A1 used at Perth Airport is 
currently sourced from BP Kwinana. It is assumed that the in the 2034-35 reference year, that the BP 
refinery will continue supplying Perth airport. 
As outlined in Section 4.1, in addition to grains and sheep product, the with-mallee farming system 
produces biofuels. These biofuels are subsequently used to substitute for fossil-based Jet A-1 fuel. 
The counter-factual to this is that if biofuel production from mallee did not exist, additional fossil-based 
Jet A-1 would be needed. Because the economy in the without-mallee scenario needs to maintain the 
demand for fuel for flights, additional fossil-based Jet A-1 flights must be added to the without-mallee 
system. The inventory for these additional fossil-based Jet A-1 flights was assumed to be the same 
for the average fossil-based Jet A-1 flights. 
4.6.1 Crude oil production for use in Western Australia 
Projecting the source and mixture of sources, of crude oil for the temporal scope of this project (2021-
2051) is uncertain. Of all oil-producing regions, the Middle-East has the largest reserve (EIA 2012) 
and this reserve is expected to increase as more fields are discovered (Seljom & Rosenberg 2011). 
Coupled with this increase in oil reserve is the need to account for production rates. Several countries 
in the Middle East are projected to reach peak production between 2027 and 2030, while others have 
already reached their peak (Nashawi, Malallah & Al-Bisharah 2010). For the purposes of this study, a 
base case of crude oil from the Middle East is assumed. The question as to what impacts crude oil 
production from other regions will have on environmental impacts is explored in a sensitivity study. 
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4.6.2 Sea freight of crude oil 
Sea freight distances were determined using port-to-port freight distances available from 
portworld.com. The Transport, transoceanic tanker/OCE U inventory from ecoinvent 2.2 was used for 
all sea freight of crude oil.  
Table 4-5: Sea-freight distances 
Port of loading Port of unloading Distance (km) Notes 
Dubai (UAE) Singapore 6308 For base case crude oil supply to 
Singapore 
Singapore  Perth 4054 For base case crude oil supply from 
Singapore 
Bejaia (Algeria) Singapore 12632 For sensitivity assessment 
Novorossiysk (Russia) Singapore 12318 
Sullom Voe (Scotland) Singapore 16714 
Rotterdam (The 
Netherlands) 
Singapore 16036 
Mongstad (Norway) Singapore 16905 
Forcados terminal 
(Nigeria) 
Singapore 14929 
 
4.6.3 Refining of fossil-based Jet A-1 
The jet-fuel in this study is refined from crude oil at BP’s Kwinana refinery. An overview of the BP 
Kwinana refining process is provided in Figure 4-2.  
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Figure 4-2: Overview of Kwinana refinery, from (BP 2009). Hydrogen outputs, emissions and 
energy inputs are not shown.  
 
No inventory data for the refining of crude oil at BP Kwinana could be garnered from BP. Product 
outputs were adopted from a previous CSIRO study by Grant et al. (Grant et al. 2008a), including 
allocation procedures. In this inventory, the outputs of the refining process are allocated firstly on 
energy content. Secondly, to account for the additional processing of 95 RON and 98 RON unleaded 
relative to regular unleaded (RON 91), multipliers of 1.5 and 2 were applied to the impacts of 95 RON 
and 98 RON. The impacts were then normalised back to 100%, as per the procedure outlined in 
(Grant et al. 2008a). 
The energy inputs for the BP Kwinana refinery are derived from co-firing of some of the product 
output (cracker feed or refinery fuel gas) with natural gas in an off-site co-generation turbine unit. 
Specifics regarding this process and inventory data regarding this co-generation unit could not be 
obtained from BP. In the absence of these data, energy inputs were calculated from the mass of 
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natural gas required in the inventory developed by Grant et al. (Grant et al. 2008a) then coupled with 
a unit process for the supply and combustion of natural gas in Western Australia. 
As shown in Figure 4-2 the kerosene/jet fuel stream at BP Kwinana includes additional processing 
using the Merox (Mercaptan Oxidation) process prior to being sent out as the final product. Ideally, 
the environmental burden of Merox processing should be attributed to the jet-fuel, rather than being 
averaged across all refinery outputs. No inventory data could be obtained for the Merox process, 
including from other LCA studies (Stratton, Wong & Hileman 2010). Because of the lack of inventory 
data, it is not known what contribution the Merox process has on the environmental burdens for jet-
fuel production. It is likely that the environmental impacts for the production of jet-fuel are 
underestimated. Water inputs and outputs for the refining process could not be obtained. In the 
absence of these data, proxy data was adopted from the ecoinvent unit process Kerosene, at 
refinery/RER U, which utilises 0.014517 kg of reticulated water per kg of kerosene (jet fuel). The unit 
process for reticulated water in 2034-35 was used for this input (refer Section 4.33). To avoid 
allocation issues, these water inputs were added to the kerosene inventory after the refining step. 
Direct carbon dioxide emissions (from the combustion of fuels) were calculated by firstly extrapolating 
historical emissions factors (tonne CO2 per tonne of crude throughput) plots from a BP environmental 
report (BP 2009). Secondly, an average of the emission factors was calculated. Finally, the average 
emission factor of 0.114 tonne CO2 per tonne of crude oil throughput was multiplied by the mass of 
the crude oil input. The factors used are reported in Table 4-6 
Table 4-6: Historical CO2 emission factors from BP Kwinana. Derived from (BP 2009) 
 
Year
CO2 emissions
(tonne per tonne of crude throughput)
2005 0.114
2006 0.118
2007 0.121
2008 0.104
2009 0.114
Average 0.114
Min 0.104
Max 0.121  
Data for other greenhouse emissions (e.g. methane, dinitrogen monoxide) were not available. 
Historical data for non-greenhouse related emissions (e.g. NOx, SOx) were available through the 
National Pollutant Inventory. However, these emissions do not relate to the impact assessment 
methods considered, and as such were not included in the inventory. Mass balances could not be 
undertaken for this inventory, due to the lack of data from BP. However, the greenhouse impacts of 
the model in this study are consistent with the model by Grant et al. (Grant et al. 2008a), Table 4-7.  
Table 4-7: Comparison of refining impacts - gate to gate (excludes supply of crude oil and 
upstream emissions) 
Product Greenhouse impacts of product 
(kg CO2-eq/kL) 
(Grant et al. 2008a) This study [based on (Grant et al. 2008a) and CO2 emissions data] 
ULP91 116.13 117.60 
ULP95 177.92 176.46 
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Table 4-8: BP Kwinana inventory. Water inputs are treated separately (refer to section above) 
Flow Amount Unit 
Density 
(kg/l) 
Energy 
density 
Allocation 
(%) 
Notes 
Output 
LPG 129754.60 kl 0.52 25.70 1.61% 
Allocation 
as per 
procedure 
outlined in 
(Grant et al. 
2008a). 
Cracker 
feed 
assumed to 
be used for 
process 
energy 
ULP 2301062.81 kl 0.74 34.68 28.61% 
ULP 95 311957.12 kl 0.74 35.42 5.82% 
ULP 98 487633.05 kl 0.74 35.42 12.13% 
Light oil blending components 95344.24 kl 0.89 35.42 1.19% 
Light oil intermediates 1486.33 kl 0.89 39.70 0.02% 
Jet fuel 898077.63 kl 0.79 36.80 11.17% 
Automotive diesel 2700414.57 kl 0.85 38.60 33.57% 
Automotive diesel blending components 852.01 kl 0.85 38.60 0.01% 
Light cycle oil 20627.73 kl 0.90 39.70 0.26% 
Fuel oil 177994.91 kl 0.90 39.70 2.21% 
Fuel oil components 141519.79 kl 0.90 39.70 1.76% 
Residue process oils 44517.19 kl 0.90 38.80 0.55% 
Cracker feed 38581.64 kl 0.90 38.70 0.00% 
Bitumen 45173.63 kl 1.02 44.00 0.56% 
Miscellaneous 12696.65 kl 0.90 38.70 0.16% 
Hydrogen 30595.18 kl 0.10 12.70 0.38% 
Input 
Crude oil, production RME, at long distance transport/WA 2034-35 U 5887131.98 tonne 
Based on mass balance – assumes cracker feed 
is combusted. 
Heat, natural gas/WA 2034-35 U 
4683472034 
MJ 
Inputs based on mass of natural gas inputs of 
0.7955 MJ/kg of crude input. Grant et al. 
Inventory for gas supply modified to WA. 
Emissions to air 
Carbon dioxide, fossil 673120.91 tonne 
Based on historical emission factor of 0.1143 kg 
CO2 per kg of crude oil input. 
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4.7 Jet-fuel transport to Perth airport 
Jet fuel is firstly transported, via pipeline, from BP Kwinana to a terminal storage facility at BP 
Kewdale. No inventory data could be sourced for the operation of this pipeline (e.g. energy 
requirements for pumping). In the absence of these data, inventory data were adopted from (Allen et 
al. 2009), which assumes 2.77 x10
-5
 kWh per kg.mile. No inventory data could be obtained for the 
pipeline length. The length of the pipeline was estimated to be 50 km. This length equates to an 
electricity input of 8.606 x10
-4
 kWh per kg of jet fuel. Electricity inputs were coupled with the 2034-35 
grid (refer Section 4.32). No fugitive emissions were included in the inventory as there are no known 
emission factors or estimates for fugitive emissions stemming from end-product (e.g. jet-fuel) 
pipelines. Pipeline emissions are typically estimated based on pipeline length. The length of the jet-
fuel pipeline, compared with other pipelines with known fugitive emissions (e.g. natural gas pipelines), 
is very short, suggesting that fugitive losses would be relatively low. Any inclusion of fugitive 
emissions would be purely speculative and would not change the overall outcomes of the study. Jet 
fuel from the Kewdale terminal is transported to Perth Airport via articulated truck. The inventory for 
the articulated truck was based on the customisable truck inventory from AUPLCI, with a transport 
distance of 6.2 km, no backload (100% empty on return), 100% urban travel and a maximum truck 
load of 24.2 tonne. 
4.8 Validation of supply factor for jet-fuel 
The Australian National Greenhouse Account (NGA) Scope 3 (supply) emission factor for kerosene is 
reported to be 5.3 kg CO2-eq/GJ (DCCEE 2012b). Using the NGA energy density of 36.8 GJ/kL, this 
equates to a factor of 0.144 kg CO2-eq/kL product. The scope of this emission factor does not include 
impacts of production and transport of crude oil outside of Australia. If these impacts are excluded 
from the model in this study, the factor for the refining and delivery of jet-fuel to Perth Airport is 0.148 
kg CO2-eq/kL, which is within 5% of the NGA factor. 
4.9 Fertiliser and other soil amendments production 
The fertilisers for the farming operations will be predominantly sourced from Western Australia. 
However, no publically available inventories exist for the production of fertilisers in the region of 
interest. In the absence of primary data for fertiliser production, inventory data for fertiliser production 
was adapted predominantly from ecoinvent 2.2 life cycle inventories, substituting material, natural gas 
and electricity inputs to emulate Western Australian conditions in 2034-35 (the reference year for the 
temporal scope).This approach to regionalising existing inventories is consistent with other biofuels 
studies (Grant et al. 2008a). The following ecoinvent life cycle inventories were adapted for this 
purpose: 
 Ammonium sulphate, as N, at regional storehouse/RER U 
 Monoammonium phosphate, as N, at regional storehouse/RER U 
 Monoammonium phosphate, as P2O5, at regional storehouse/RER U 
 Single superphosphate, as P2O5, at regional storehouse/RER U 
 Potassium chloride, as K2O, at regional storehouse/RER U 
 Potassium sulphate, as K2O, at regional storehouse/RER U 
 Triple superphosphate, as P2O5, at regional storehouse/RER U 
The urea production inventory from ecoinvent 2.2 was considered not appropriate for use in this 
study, as it does not include the burdens associated with carbon dioxide (CO2) production, which are 
bound within the urea. The urea production inventory from AUPLCI was used in this study, with 
electricity and gas inputs modified for the 2034-35 reference year. The calcined lime production 
inventory from AUPLCI was used, with electricity and gas inputs modified for the 2034-35 reference 
year. 
Data on the type and amount of fertilisers applied to the farm and mallee systems are provided in the 
inventory tables. Transports of the fertiliser from the regional store to the farm are accounted for in the 
foreground farming inventories. 
Mallee Aviation Biofuels Life Cycle Assessment 
 Final peer-reviewed LCA report 
Version: 4.0 
Page 41 
4.10 Pesticide and herbicide production 
There are no existing, publically available life cycle inventories for the production of pesticide and 
herbicides in Australia. Ecoinvent contains inventories for the production of over 50 herbicides and 
pesticides in Europe. To account for this lack of Australian data, existing life cycle inventories from 
ecoinvent were modified to account for regional-specific electricity and natural gas inputs in Western 
Australia in 2034-35 (the reference year for the temporal scope). The following ecoinvent 2.2 
inventories were modified for this purpose: 
 [sulfonyl] urea-compounds, at regional storehouse/RER U 
 Atrazine, at regional storehouse/RER U 
 Bipyridylium-compounds, at regional storehouse/RER U 
 Diphenylether-compounds, at regional storehouse/RER U 
 Glyphosate, at regional storehouse/RER U 
 Metolachlor, at regional storehouse/RER U 
 Nitrile-compounds, at regional storehouse/RER U 
 Phenoxy-compounds, at regional storehouse/RER U 
 Pyrethroid-compounds, at regional storehouse/RER U 
 Triazine-compounds, at regional storehouse/RER U 
The following ecoinvent 2.2 inventories are compilations of multiple material inputs (based on industry 
averages) and as such, were not modified for the 2034-35 reference year: 
 Herbicides, at regional storehouse/RER U 
 Pesticides, unspecified, at regional storehouse/RER U 
Data on the type and amount of pesticides and herbicides applied to the farm and mallee systems are 
provided in the inventory tables. Modelling accounted for active constituent content, and density (if 
required). Transport of the fertiliser from the regional store to the farm is accounted for in the 
foreground farming inventories. 
4.11 Nitrous oxide (N2O) emissions from nitrogen fertiliser 
application 
The main source for nitrous oxide (N2O, referred to in the inventory tables and modelled as dinitrogen 
monoxide) emissions in agriculture is soils treated with nitrogen-containing fertilisers, either mineral or 
organic, though nitrous oxide can also be produced from nitrogen derived from breakdown of soil 
organic matter (Bird et al. 2011). Nitrification and denitrification is the major route for the production of 
dinitrogen monoxide. Nitrification is the process of oxidizing ammonium (NH4
+
) to nitrate (NO3
-
) 
whereas denitrification is the process of the chemical breakdown of nitrate to other nitrogenous 
molecules. Both processes result in the generation of dinitrogen monoxide. These two processes, and 
subsequently the amount of nitrous oxide emissions, are sensitive to a number of factors (Bird et al. 
2011; Parton et al. 1996; Weier et al. 1993; Wrage et al. 2001), including the:  
 Soil structure and particle size 
 Climate conditions, including temperature and rainfall 
 Nitrogen uptake by crops 
 Tillage methods 
 Soil conditions, including temperature, pH, water content, carbon content (including biochar), 
nitrate content, and microbial activity 
 Nitrogen fertiliser application rates and timing 
 Drainage conditions 
In addition to the direct nitrous oxide emissions, indirect nitrous oxide can also be generated via the 
volatilisation of NH3 and NOx [N2O-N(Atmospheric deposition)] as well as via leaching and runoff [N2O-
N(Leaching/run-off)]. 
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The default approach for this study will utilise a nitrous oxide emission factor of 0.3% of applied 
nitrogen, based on the National Greenhouse Gas Inventory methods (DIICSRTE 2013). This  
approach was also adopted by Maraseni and Cockfield (2011) for grain crops in the Darling Downs, 
although these authors acknowledged a lack of understanding of actual emissions due to the 
application of synthetic fertilisers. 
Given the uncertainty as to the applicability of this factor, a sensitivity study will investigate the effects 
of different factors on the overall outcomes of the study. 
4.11.1 Sensitivity study - direct nitrous oxide emissions  
A commonly applied model is based on IPCC methodologies, whereby direct emissions are 
calculated based on a fraction (e.g. 1.25% for IPCC 1996, 1% for IPCC 2006) of total applied nitrogen 
being converted to dinitrogen monoxide, N2O (Gabrielle et al. 2012; Grant & Beer 2006; Heller, 
Keoleian & Volk 2003; IPCC 2006c). Due to the complexities of the nitrous oxide emissions pathway, 
modelling of nitrous oxide emissions using this fixed value may be inappropriate (Cowie, Eckard & 
Eady 2012) due to possible large variations in actual versus calculated emissions. Field studies have 
shown a significant variation between default emission factor fractions and actual measurements. 
Barton et al. (Barton, Biswas & Carter ; 2008) determined an emission factor of 0.02% and 0.06% for 
nitrogen converted to N2O for wheat and canola, respectively. This factor was applicable to the semi-
arid central grain belt in south-western Australia and was approximately 60 times lower than the IPCC 
method at that time (1.25%, 1996 IPCC). Similarly, Brock et al. (2012) applied a factor of 0.45% of 
applied nitrogen, based on a field study for wheat farming in Tamworth, New South Wales. For the 
purposes of the sensitivity study, the emission factor used by Barton et al. of 0.02% and 0.06% of 
applied nitrogen to direct nitrous oxide are used for nitrogen fertiliser applications on wheat and other 
crops (including mallee), respectively.  
4.11.2 Sensitivity study - indirect nitrous oxide(N2O) emissions from 
nitrogen fertiliser application 
For the sensitivity study, indirect nitrous oxide emissions were estimated using the Tier 1 IPCC 
approach (IPCC 2006c). Emissions for nitrous oxide from manure and urine are accounted for in the 
sheep inventory and none of these emissions are allocated to the grain systems. As such, this aspect 
of the IPCC estimation has been excluded from the calculations. The formulas used for the estimation 
are: 
N2O-N(indirect) = N2O-N(Atmospheric deposition) + N2O-N(Leaching/run-off) 
Where: 
N2O-N(Atmospheric deposition) = FSN x FracGASF x EF4 
N2O-N(Leaching/run-off) = FSN x FracLEACH-(H) x EF5 
FSN   = Annual amount of synthetic fertiliser N applied to soils 
FracGASF  = Fraction of synthetic fertiliser N that volatilises as NH3 and NOx, kg N volatilised 
EF4  = Emission factor for N2O emissions from atmospheric deposition of N on soils and 
water surfaces 
FracLEACH-(H) = Fraction of all N added to/mineralised in managed soils in regions where 
leaching/runoff occurs that is lost through leaching and runoff 
EF5  = Emission factor for N2O emissions from N leaching and runoff 
As per Section 11.2.2.2 of (IPCC 2006c) a FracLEACH-(H) value of zero was adopted, based on dryland 
conditions. As such, only the atmospheric deposition need be considered. Default values for FracGASF 
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(0.1), EF4 (0.01) were adopted from Table 11.3 of (IPCC 2006c). 
4.12 Carbon dioxide emissions from urea application 
During production, carbon dioxide is fixed within urea. When applied and in the presence of water, 
urea dissociates to ammonium (NH4
+
), hydroxyl (OH
+
) and bicarbonate (HCO3
-
). The bicarbonate then 
evolves into water (H2O) and carbon dioxide (CO2) (IPCC 2006c). To account for carbon dioxide 
emissions from urea application, IPCC guidelines were followed (IPCC 2006c). The default emission 
factor of 0.2 kg C/kg of urea was applied, then carbon emissions were converted to CO2.  
4.13 Crop and sheep farming enterprise mixes 
The projected enterprise mix for crop and sheep farming, with and without mallee for a 1000 ha 
reference farm are reported in Table 4-9. Product outputs, averaged over the 30 year period, are 
reported in Table 4-10. The mallee plantation (33.3 ha per 1000 ha) will be planted on predominantly 
pasture, reducing the total sheep farming area from 476.4 ha per 1000 ha (without mallee) to 443.1 
ha per 1000 ha (with-mallee). A reduction in pasture area reduces sheep numbers. To offset 
reductions in sheep numbers, the with-mallee system has an increased stocking rate of 8.21 
DSE/pasture ha (compared with 7.64 DSE/ha in the without mallee farm). The product output for both 
systems is the same. All modelling of the mallee farming was based on average supply. 
Table 4-9: Inventory for enterprise mix (with and without mallee) 
Enterprise 
Farming area (ha) 
With-mallee 
Without mallee 
biomass 
system 
Mallee farming 33.3 0 
Sheep farming 443.1 476.4 
Lupin farming 48.1 48.1 
Canola farming 188.8 188.8 
Wheat farming 286.7 286.7 
Total 1000 1000 
 
Table 4-10: Product output, yields and average stocking rates for 1000 ha farming system. 
Enterprise 
Yield / stocking rate Yearly product output (tonne / DSE / 
amount) 
With-mallee 
biomass system 
Without mallee 
biomass system 
Mallee biomass 
(green tonne) 
68.71 tonne/ha/harvest 
(average over 7 harvests 
over 30 years) 
532.8 (average 
over 7 harvests 
over 30 years) 
- 
70.0 tonne/ha.harvest 
(at peak supply) 
582.75 (peak 
supply) 
 
Sheep  7.64 DSE / pasture ha - 3,639.7 
Sheep 8.21 DSE / pasture ha 3,639.7 - 
Lupins 1.3 tonne / ha 62.5 62.5 
Canola 1.3 tonne / ha 226.6 226.6 
Wheat 21.3 tonne / ha 630.7 630.7 
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4.14 Wheat farming 
The inventory for wheat farming in the region of interest (Great Southern), Table 4-11, was based on 
data from the Western Australian Department of Agriculture and Food. Inventory inputs are the typical 
input levels that are generally recommended and applied for an expected yield (weighted average of 
several recent seasons). As such they exclude provisions for the poorest of seasons and best of 
seasons. Carbon dioxide and nitrous oxide air emissions have been added to the inventory to account 
for volatilisation of fertilisers. Additional nitrous oxide and methane air emissions have been added to 
account for stubble burning. The NPKS fertiliser applied to the wheat farm is a compound fertiliser, 
comprising predominantly of a mixture of fertilisers, including ammonium sulphate, mono-ammonium 
phosphate and potassium chloride. The elemental mix of the fertiliser is N 13.7%, P 2.6%, K 12.4%, S 
14.9%. The mix of the fertilisers was adjusted until the elemental mix was achieved. All herbicides 
and pesticides were modelled based on the active ingredient, as per ecoinvent guidelines. 
Table 4-11: Inventory for wheat farming (with and without mallee) in the Great Southern. 
Alternative nitrous oxide emissions for a sensitivity study are reported in italics. 
Flow Amount Unit Notes 
Output 
Wheat farming/WA 2034-35 AU U 1 Ha.a 
1 Ha.a producing, on average, 2.2 tonne 
wheat/ha in Great Southern. 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a  
Input 
Wheat seed, at regional store/WA 2034-35 
U 
80 kg 
Modified ecoinvent inventory, 
with WA inputs 
 
Urea, at regional store/WA 2034-35 U 70 kg  
Inputs 
taken from 
data 
provided 
by 
Departmen
t of 
Agriculture 
and Food. 
Ammonium sulphate, as N, at regional 
storehouse/WA 2034-35 U 
14.9352 kg 
Springburst fertiliser. 120 
kg/ha of compound NPKS.  N 
13.7%, P 2.6%, K 12.4%, S 
14.9%. P inputs scaled to 
account for phosphorous 
Mono-ammonium phosphate, as N, at 
regional storehouse/WA 2034-35 U 
1.5804 kg 
Mono-ammonium phosphate, as P2O5, at 
regional storehouse/WA 2034-35 U 1.368 kg 
Potassium chloride, as K2O, at regional 
storehouse/WA 2034-35 U 
12.3526 kg 
Diesel combustion/ WA 2034-35 U 3.17 l 
Delivery of fertiliser. Euro IV 
combustion. 
Diesel combustion/ WA 2034-35 U 24.1 l 
On-farm machinery. Euro IV 
combustion 
Glyphosate, at regional storehouse/WA 
2034-35 U 
225 g 
1
st
 knockdown spray. Active 
ingredient concentration 
glyphosate with concentration 
of 450 g / l. Application rate of 
0.5 l/ha 
[sulfonyl] urea-compounds, at regional 
storehouse/ WA 2034-35 U 
1.8 g 
Ally. 1
st
 knockdown spray. 
Active ingredient metsulfuron 
methyl 0.6 kg/kg. Application 
rate  of 3 g/ha 
Bipyridylium -compounds, at regional 
storehouse/WA 2034-35 U 
125 g 
Sprayseed 250. 2
nd
 
knockdown spray. Active 
ingredients are paraquat 
(135g/L) and diquat (115 g/L). 
Application rate of 0.5 l/ha  
[sulfonyl] urea-compounds, at regional 
storehouse/ WA 2034-35 U. 
26.3 g 
Logran . 2
nd
 knockdown spray. 
Active ingredient triasulfuron 
with concentration of 0.75 
kg/kg. Application rate of 
35g/ha. 
Phenoxy-compounds, at regional 
storehouse/ WA 2034-35 U 
5.0 g 
Sumi-Alpha Flex . 2
nd
 
knockdown insecticide spray. 
Active Ingredient 
Esfenvalerate 50g/L. 
Application rate of 0.1 L/ha 
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Flow Amount Unit Notes 
Nitrile compounds, at regional 
storehouse/WA 2034-35 U 
280 g 
Bromicide 200. Post emergent 
spray. Active ingredient 
bromoxynil 200 g/L. 
Application rate of 1.4 l/ha. 
 
Phenoxy-compounds, at regional 
storehouse/ WA 2034-35 U 
6.25 g 
Sumi-Alpha Flex . Post 
emergent insecticide spray. 
Active Ingredient 
Esfenvalerate 50g/L. 
Application rate of 0.125 l/ha.  
Articulated truck freight, no backload, 100% 
urban/WA 2034-35 U 732.325 kg.km 
Transport of herbicides and pesticides to 
region. Assumed 275 km and density of 1 
kg/l 
Emissions to air 
Carbon dioxide, fossil 51.3 kg 
Carbon in urea converted to CO2. Calculated 
from IPCC methodology (IPCC 2006c) 
Dinitrogen monoxide 0.46 kg 
Direct and indirect emissions. 0.3% of 
applied nitrogen converted to N2O. 
(DIICSRTE 2013) 
Dinitrogen monoxide (sensitivity) 0.0306 kg 
Direct nitrous emissions. Calculated from 
0.02% of applied nitrogen converted to N2O, 
from (Barton et al. 2008) 
Dinitrogen monoxide (sensitivity) 0.1529 kg 
Indirect nitrous emissions. Estimated from 
default IPCC factors. For volatilisation 
Methane, biogenic 0.3654 kg From stubble burning. Based on yield of 2.2 
tonne/ha. Harvest index of 0.35 for wheat 
(Unkovich, Baldock & Forbes 2010). 
Equivalent to 4.086 tonne stubble/ha. 
Average burn rate of 3.9% of all crops in 
region of interest (GRDC 2012). Wheat, 
barley and other cereals represent 84% of all 
crops. No burning of canola or lupins. 
Equates to probability of 4.6% of wheat 
stubble burnt. Equates to average burn of 
0.188 tonne/ha. Emission factors for 
methane and N2O. Factors of 2.7 kg 
CH4/tonne and 0.07 kg N2O/tonne from 
Table 2.5 of (IPCC 2006b). Combustion 
factor of 0.9 from Table 2.6 of (IPCC 2006b). 
Dry matter content of 0.8. 
Dinitrogen monoxide 0.0095 kg 
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4.15 Canola farming 
The inventory for canola farming in the region of interest (Great Southern), Table 4-12, was based on 
data from the Western Australian Department of Agriculture and Food. Inventory inputs are the typical 
input levels that are generally recommended and applied for an expected yield (weighted average of 
several recent seasons). As such they exclude provisions for the poorest of seasons and best of 
seasons. Carbon dioxide and nitrous oxide air emissions have been added to the inventory to account 
for volatilisation of fertilisers. All herbicides and pesticides were modelled based on the active 
ingredient, as per ecoinvent guidelines. 
Table 4-12: Inventory for canola farming (with and without mallee) in the Great Southern. 
Alternative nitrous oxide emissions for a sensitivity study are reported in italics. 
Flow Amount Unit Notes 
Output 
Canola farming /WA 2034-35 AU U 1 Ha.a 
1 Ha.a producing, on average, 1.2 tonne/ha 
in in Great Southern. 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a  
Input 
Rape seed, at regional store/WA 2034-35 U 5 kg 
Modified ecoinvent 
inventory, with WA inputs 
Inputs taken 
from data 
provided by 
Department 
of 
Agriculture 
and Food. 
Urea, at regional store/ WA 2034-35 U 100 kg  
Ammonium sulphate, as N, at regional 
storehouse/WA 2034-35 U 
12.446 kg 
Springburst fertiliser. 100 kg 
of compound NPKS.  N 
13.7%, P 2.6%, K 12.4%, S 
14.9%. P inputs scaled to 
account for phosphorous 
Mono-ammonium phosphate, as N, at 
regional storehouse/WA 2034-35 U 
1.254 kg 
Mono-ammonium phosphate, as P2O5, at 
regional storehouse/WA 2034-35 U 1.14 kg 
Potassium chloride, as K2O, at regional 
storehouse/WA 2034-35 U 
10.294 kg 
Diesel combustion/ WA 2034-35 U 3.33 l 
Delivery of fertiliser. Euro IV 
combustion 
Diesel combustion/ WA 2034-35 U 21.42 l 
On-farm machinery. Euro IV 
combustion 
Glyphosate, at regional storehouse/WA 
2034-35 U 
270 g 
Glyphosate. 1
st
 knockdown 
spray. Active ingredient 
glyphosate with 
concentration of 450 g / l. 
Application rate 0.6 l/ha 
Atrazine, at regional storehouse/WA 2034-
35 U 
1.98 kg 
Atrazine. 1
st
 knockdown 
spray. Active ingredient 
atrazine with concentration 
of 0.9 kg/kg. Density of 1.1 
kg/l.. Application rate 2 l/ha 
Atrazine, at regional storehouse/WA 2034-
35 U 
1.98 kg 
Atrazine. Post emergent 
spray. Active ingredient 
atrazine with concentration 
of 0.9 kg/kg. Density of 1.1 
kg/l. Application rate 2 l/ha 
Herbicides, at regional storehouse/WA 
2034-35 U 
52 g 
Verdict. Post emergent 
spray. Active ingredient 
haloxyfop with concentration 
of 0.52 kg/l. Application rate 
0.1 l/ha 
Pyrethroid-compounds, at regional 
storehouse/WA 2034-35 U 
10 g 
Talstar. Insecticide. Active 
ingredient bifenthrin with 
concentration of 100 g/l. 
Application rate 0.1 l/ha. 
Articulated truck freight, no backload, 100% 
urban/WA 2034-35 U 1320 kg.km 
Transport of herbicides and pesticides to 
region. Assumed 275 km and density of 1 
kg/l 
Emissions to air 
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Flow Amount Unit Notes 
Carbon dioxide, fossil 73.3 kg 
Carbon in urea converted to CO2. Calculated 
from IPCC methodology (IPCC 2006c) 
Dinitrogen monoxide 0.563 kg 
Direct and indirect emissions. 0.3% of 
applied nitrogen converted to N2O. 
(DIICSRTE 2013) 
Dinitrogen monoxide (sensitivity) 0.1125 kg 
Direct nitrous emissions. Calculated from 
0.06% of applied nitrogen converted to N2O, 
from (Barton et al. 2008) 
Dinitrogen monoxide (sensitivity) 0.188 kg 
Indirect nitrous emissions. Estimated from 
default IPCC factors. For volatilisation 
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4.16 Lupin farming 
The inventory for lupin farming in the region of interest (Great Southern), Table 4-13, was based on 
data from the Western Australian Department of Agriculture and Food. Inventory inputs are the typical 
input levels that are generally recommended and applied for an expected yield (weighted average of 
several recent seasons). As such they exclude provisions for the poorest of seasons and best of 
seasons. All herbicides and pesticides were modelled based on the active ingredient, as per 
ecoinvent guidelines. 
Table 4-13: Inventory for lupin farming (with and without mallee) in the Great Southern. 
Flow Amount Unit Notes 
Output 
Lupin farming /WA 2034-35 AU U 1 Ha.a 
1 Ha.a producing, on average, 1.3 tonne 
lupins 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a 
Water uptake from crop not included in 
assessment (non-irrigated) 
Input 
Lupin seed, at regional storehouse/WA 
2034-35 U 
120 kg 
Modified ecoinvent 
inventory for pea seeds, 
with WA inputs 
Inputs taken 
from data 
provided by 
Department 
of 
Agriculture 
and Food. 
Single superphosphate, as P2O5, at regional 
store/WA 2034-35 U 
16.8 kg 
Based on 80 kg/ha and 
21% P2O5 
Glyphosate, at regional storehouse/WA 
2034-35 U 
0.225 kg 
Glyphosate. Pre-emergent 
spray. Active ingredient 
glyphosate with 
concentration of 450 g / l. 
Application rate of 0.5 l/ha 
Herbicide, at regional storehouse/WA 2034-
35 U 
0.942 kg 
Simazine. Pre-emergent 
spray. Active ingredient 
simazine with 
concentration of 0.428 
kg/kg. Density of 1.1 kg/l. 
Application rate of 2 l/ha.  
Diphenylether-compounds, at regional 
storehouse/WA 2034-35 U 
0.03 kg 
Brodal. Post-emergent 
spray. Active ingredient 
diflufenican with 
concentration of 500 g/l. 
Application rate of 0.06 
l/ha.  
Herbicide, at regional storehouse/WA 2034-
35 U 
0.471 kg 
Simazine. Post-emergent 
spray. Active ingredient 
simazine with 
concentration of 0.428 
kg/kg. Density of 1.1 kg/l. 
Application rate of 1 l/ha.  
Herbicide, at regional storehouse/WA 2034-
35 U 
0.0249 kg 
Targa. Post-emergent 
spray. Active ingredient 
quizalofop with 
concentration of 99.5g/l. 
Application rate of 0.25 
l/ha. 
Diesel combustion/ WA 2034-35 U 1.33 l 
Delivery of fertiliser. Euro 
IV combustion 
Diesel combustion/ WA 2034-35 U 25 l 
On-farm machinery. Euro 
IV combustion 
Articulated truck freight, no backload, 100% 
urban/WA 2034-35 U 1047.75 kg.km 
Transport of herbicides and pesticides to 
region. Assumed 275 km and density of 1 
kg/l 
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4.17 Oat farming (for supplementary feed for sheep) 
The inventory for oat farming in the region of interest (Great Southern), Table 4-13, was based on 
data from the Western Australian Department of Agriculture and Food. Inventory inputs are the typical 
input levels that are generally recommended and applied for an expected yield (weighted average of 
several recent seasons). As such they exclude provisions for the poorest of seasons and best of 
seasons. The inventory applies to off-farm production, as the oats are brought in for supplementary 
feeding of sheep. The fertiliser applied is a mix of single superphosphate and sulphate of potash 
(potassium sulphate), with an elemental mix of 6.8% P, 10.4% K, 12.1% S and 15.0% Ca. Carbon 
dioxide air emissions have been added to the inventory to account for volatilisation of fertilisers. All 
herbicides and pesticides were modelled based on the active ingredient, as per ecoinvent guidelines. 
Table 4-14: Inventory for oat farming (for supplementary feed inputs to sheep farming) in the 
Great Southern. Alternative nitrous oxide emissions for a sensitivity study are reported in 
italics. 
Flow Amount Unit Notes 
Output 
Oat farming /WA 2034-35 AU U 1 Ha.a 1 Ha.a producing, on average, 3 tonne of oats 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a Water uptake from crop not assessed 
Input 
Oat seed, at regional storehouse/WA 
2034-35 U 
120 kg 
Modified ecoinvent inventory for 
wheat seeds, with WA inputs 
Inputs 
taken 
from 
data 
provide
d by 
Depart
ment of 
Agricult
ure and 
Foo 
Urea, at regional store/ WA 2034-35 U 75 kg  
Single superphosphate, as P2O5, at 
regional store/WA 2034-35 U 
4.766 kg 
Super SoP 3:1 fertiliser. Applied at 
120 kg/ha, Elemental mix of 6.8% P, 
10.4% K, 12.1% S and 15.0% Ca. 
Scaled then for oxides 
Potassium sulphate, as K2O, at regional 
store/WA 2034-35 U 
10.360 kg 
Glyphosate, at regional storehouse/WA 
2034-35 U 
0.225 kg 
Glyphosate. 1
st
 knockdown spray. 
Active ingredient glyphosate with 
concentration of 450 g / l. Application 
rate 0.5 l/ha 
[sulfonyl] urea-compounds, at regional 
storehouse/ WA 2034-35 U 
3 g 
Ally. 1
st
 knockdown spray. Active 
ingredient metsulfuron methyl 0.6 
kg/kg. Application rate 5 g/ha. 
Herbicide, at regional storehouse/WA 
2034-35 U 
0.032 kg 
Dimethoate.1
st
 knockdown spray. 
Active ingredient dimethoate 400 g/l. 
Application rate 0.08 l/ha. 
Bipyridylium-compounds, at regional 
storehouse/WA 2034-35 U 
0.25 kg 
Sprayseed 250 . 2
nd
 knockdown 
spray. Sprayseed 250. 2
nd
 knockdown 
spray. Active ingredients are paraquat 
(135g/L) and diquat (115 g/L). 
Application rate 1 l/ha. 
[sulfonyl] urea-compounds, at regional 
storehouse/ WA 2034-35 U. 
0.5 kg 
Diuron. In-crop spray. Active 
ingredient diuron at 500 g/l. 
Application rate 1 l/ha.  
Metolachlor, at regional storehouse/WA 
2034-35 U 
0.48 kg 
Dual gold. In-crop spray. Active 
ingredient S-metolachlor at 960 g/l. 
Application rate 0.5 l/ha. 
Herbicide, at regional storehouse/WA 
2034-35 U 
0.032 kg 
Dimethoate. In-crop spray. Active 
ingredient dimethoate 400 g/l. 
Application rate 0.08 l/ha.  
Diesel combustion/ WA 2034-35 U 3.253 l 
Delivery of fertiliser. Euro IV 
combustion 
Diesel combustion/ WA 2034-35 U 24.1 l 
On-farm machinery. Euro IV 
combustion 
Articulated truck freight, no backload, 
100% urban/WA 2034-35 U 
870.38 kg.km 
Transport of herbicides and pesticides to region. 
Assumed 275 km and density of 1 kg/l. 
Emissions to air 
Carbon dioxide, fossil 55 kg 
Carbon in urea converted to CO2. Calculated 
from IPCC methodology (IPCC 2006c) 
Dinitrogen monoxide 0.325 kg 
Direct and indirect emissions. 0.3% of applied 
nitrogen converted to N2O. (DIICSRTE 2013) 
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Dinitrogen monoxide (sensitivity) 0.065 kg 
Direct nitrous emissions. Calculated from 
0.06% of applied nitrogen converted to N2O, 
from (Barton et al. 2008) 
Dinitrogen monoxide (sensitivity) 0.108 kg Indirect nitrous emissions. Estimated from 
default IPCC factors. For volatilisation 
 
4.18 Pasture management and sheep farming 
The inventory for pasture management was developed from data supplied by the Western Australian 
Department of Agriculture and food and an LCA on merino sheep farming in New Zealand (Barber & 
Pellow 2006). The Western Australia data are the typical input levels that are generally recommended 
and applied for an expected yield (weighted average of several recent seasons). As such they 
exclude provisions for the poorest of seasons and best of seasons. The New Zealand study was used 
to estimate inputs associated with electricity for shearing and liquid fuel use (diesel and unleaded 
petrol) for farming operations, including fuel used by contractors and fuel to transport farming inputs. 
In order to utilise the New Zealand study, conversions were required to account for the difference in 
stock accounting between New Zealand and Australia. A New Zealand stock unit (s.u.) is defined as 
one breeding ewe weighing 55 kg bearing one lamb, consuming approximately 550 kg of dry matter 
per year, or ~1.5 kg of dry matter per day. The Australian dry sheep equivalent (DSE) is commonly 
defined as a 45 or 50 kg wether (a castrated ram), consuming 1 kg of dry matter per day (or 365.25 
kg over an average year, also equivalent to 7.60 MJ/day (McLaren 1997)). Thus 1 New Zealand 
stocking unit is equivalent to ~1.5 Australian DSE, or conversely, 1 Australian DSE is equivalent to 
0.667 New Zealand stocking unit.  
The New Zealand LCA reports on extensive (average 0.94 s.u./ha), medium intensive (average 2.64 
s.u./ha) and intensive ( average 7.40 s.u./ha) sheep farming on pasture. These correspond to 
extensive (average 1.41 DSE/ha), medium intensive (average 3.96 DSE/ha), and intensive (average 
11.1 DSE/ha). The definition of extensive, medium and intensive stocking in the report appears to be 
nominal. The region of interest is not reported, so it is unclear if the ranges reflect a specific region or 
a regional average. Regardless, the intensive scenario in the New Zealand study covered a range of 
intensities from 3.45 s.u to 13.66 s.u per hectare, equivalent to 5.18 DSE to 20.49 DSE per hectare. 
For the sheep farming considered, the intensity is estimated to be 7.64 to 8.21 dry sheep equivalents 
per pastured hectare. The intensity range in this study lies within the range for intensive farming in 
New Zealand. Thus, the diesel, petrol and electricity inputs from the New Zealand study were used as 
part of the inventory in this study. 
Separate inventories were developed for pasture management and sheep farming for the without 
mallee and with-mallee scenarios. The with-mallee inventory includes an estimated 10% increase in 
veterinary costs per head. Enteric emissions were estimated from Keogh and Cottle (2009), which 
uses the Sheep GHG Accounting Framework, developed by Eckard (Eckard, Hegarty & Thoams 
2012), which subseuntltly utilises methods from the National Greenhouse Gas Inventory. Nitrous 
oxide emissions associated with legumes were estimated using results from (Brock, PM et al. 2013). 
The inventories used are summarised in Table 4-15 through to Table 4-17. 
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Table 4-15: Inventory for pasture management and sheep farming (without mallee) in the Great 
Southern. 
Flow Amount Unit Notes 
Output 
Sheep farming/WA 2034-35 U 1 Ha.a Producing 7.64 DSE/pastured ha 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a 
Water uptake from crop not included in 
assessment (non-irrigated) 
Input 
Electricity diesel, remote areas/WA 2034-
35 U 
43.84 kWh 
For shearing. Likely to be 
from diesel generators. 
Scaled to account for 
number of DSE 
From 
intensive 
farming of 
Merino sheep 
in New 
Zealand with 
stocking rate 
of 7.40 s.u. 
per hectare 
(Barber & 
Pellow 2006) 
Diesel combustion/ WA 2034-35 U 5.5 l 
Original inventory. Euro IV 
combustion for diesel engine 
Diesel combustion/ WA 2034-35 U 6.6 l 
Unleaded petrol 6.6 l 
Triple superphosphate, as P2O5, at 
regional store, WA 2034-35 U 
38.4 kg 
100 kg/ha with frequency of 
80%. Scaled to account for 
P2O5 content of 48.0% 
Inputs taken 
from data 
provided by 
Department of 
Agriculture 
and Food 
Lime, calcined, at regional store/WA 
2034-35 U 
240 kg 
1500 kg/ha with frequency of 
16% 
Veterinary services 30.87 
US$ 
(1998) 
$6,422 of animal health 
treatment over 500 ha. 
Corresponds to AU(2013) 
$12.84 per DSE. Scaled 
down to AU(1998)$7.13, 
based on inflation rate of 4%. 
Converted to US$ based on 
average exchange rate of 
0.6292. Based on DSE of 
8.48, adjusted down to 7.64. 
Lupin farming 0 Ha.a 
Supplementary feed. 20 
tonne over 500 ha. Yield 1.3 
tonne/ha. Farm level 
emissions are reported. AS 
such, all impacts of lupins 
allocated to lupins to avoid 
double counting of impacts. 
Oat farming 0.01 Ha.a 
Supplementary feed.30 
tonne over 500 ha. Yield 3 
tonne/ha 
Sheep activity (without mallee) 7.64 p 
Stocking rate, p equivalent to DSE, refer 
Table 4-17 
 
The introduction of mallee to the case study farm is assumed to displace sheep equivalent to 252.412 
DSE, calculated by multiplying the 33 ha mallee planting by the existing stocking rate (7.64 
DSE/pastured ha). However, the impact of mallee extends to adjacent pasture, where it competes for 
moisture thus reducing pasture growth, but mallee also provide shelter benefits to livestock through 
less exposure, faster growth and reduced lamb mortality. In this LCA, these competition and shelter 
factors are assumed to offset each other. It is assumed that the additional sheep flock is retained on 
those farms within the region who planted mallee. If the additional sheep are spread across the 
residual pastured area on these farms (with-mallee), this would represent an increase of 0.57 DSE/ha 
in the stocking rate (increase from 7.64 DSE to 8.21 DSE per pasture hectare). The regional stocking 
rate has fluctuated between 5.2 and 8.21 DSE/pastured ha for the period 2000-01 to 2011-12 due to 
seasonal variability, so the change is not out of proportion to actual farmer experience.  In the farming 
system considered, the feed gap (the bottle neck of paddock feed availability) typically occurs 
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between late summer and early winter (March to May). In that period, food from dry pastures 
(deferred), cereal and lupin stubbles depletes due to consumption by sheep and degradation by 
combined effects of trampling, sun, rain and wind. Outside of this period, the availability of pasture 
feed is enough to maintain the flock (at stocking rates of 7.64 or 8.21 DSE/ha), typically between July 
and November. Economic analysis by the Department of Environment and Conservation, WA shows 
that the marginal value of feed is highest from March to May ($/MJ) and is negligible in September 
and November (due to availability of feed). Analysis by Department of Environment and Conservation, 
WA shows that the marginal increase of feed required (due to mallee plantations) is 65 kg of dry 
lupins per year, per additional DSE (when increasing the stocking rate from 7.64 to 8.21 DSE/ha). 
This translates to an average of 4.54 kg per DSE across the whole flock. No additional fertiliser or soil 
modifications would need to be added to maintain the pasture at higher stocking rate. The production 
of additional production assumes additional requirements for diesel, petrol and electricity for shearing. 
Finally, the increased stocking rate across the region would likely lead to an increase in the 
requirement for veterinary services. The expected cost of this has been included.  
Table 4-16: Inventory for pasture management and sheep farming (with-mallee) in the Great 
Southern. 
Flow Amount Unit Notes 
Output 
Sheep farming/WA 2034-35 U 1 Ha.a Producing 7.64 DSE/pastured ha 
Raw material resources 
Occupation, arable, non-irrigated 1 Ha.a 
Water uptake from crop not included in 
assessment (non-irrigated) 
Input 
Electricity diesel, remote areas/WA 2034-
35 U 
47.12 kWh 
For shearing. Likely to be 
from diesel generators. 
Scaled to account for 
number of DSE 
From 
intensive 
farming of 
Merino sheep 
in New 
Zealand with 
stocking rate 
equivalent to 
range of 5.18 
to 20.49 DSE 
per hectare 
(Barber & 
Pellow 2006) 
Diesel combustion/ WA 2034-35 U 5.9 l 
Original inventory. Euro IV 
combustion for diesel 
engine. Scaled to account for 
higher stocking rate. 
Diesel combustion/ WA 2034-35 U 7.1 l 
Unleaded petrol 7.1 l 
Triple superphosphate, as P2O5, at 
regional store, WA 2034-35 U 
38.4 kg 
100 kg/ha with frequency of 
80%. Scaled to account for 
P2O5 content of 48.0% 
Inputs taken 
from data 
provided by 
Department of 
Agriculture 
and Food 
Lime, calcined, at regional store/WA 
2034-35 U 
240 kg 
1500 kg/ha with frequency of 
16%. 
Veterinary services 36.50 
US$ 
(1998) 
$6,422 of animal health 
treatment over 500 ha. 
Corresponds to AU (2013) 
$12.84 per DSE. Scaled 
down to AU(1998) $7.13, 
based on inflation rate of 4%. 
Converted to US$ based on 
average exchange rate of 
0.6292. Based on DSE of 
8.48, adjusted down to 8.21. 
Increase by 10% relative to 
lower stocking rate due to 
closer contact of flock 
Lupin farming 0.0035 Ha.a 
Additional 4.54 kg per DSE. 
Yield 1.3 tonne/ha 
Oat farming 0.01 Ha.a 
Supplementary feed.30 
tonne over 500 ha. Yield 3 
tonne/ha 
Sheep activity (with-mallee) 8.21 p 
Stocking rate, p equivalent to DSE, refer 
Table 4-17 
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Table 4-17: Inventory for sheep activity 
Flow Amount Unit Notes 
Output 
Sheep activity 1 p 1 DSE for 1 year 
Emissions to air 
Methane, biogenic 7.418 kg 
Average Australian emissions, from (Keogh 
& Cottle 2009), converted CO2-eq values to 
kg using IPCC 1996 GWP factors of 21 and 
310 for CH4 and N2O, respectively. (Keogh & 
Cottle 2009) utilises National Greenhouse 
Gas Inventory methods  incorporated into 
Eckard’s greenhouse gas calculator. Covers 
enteric fermentation emissions and direct 
and indirect emissions from urine and dung. 
Dinitrogen monoxide 0.089 kg 
Dinitrogen monoxide 0.008 kg 
Decomposition of legumes. Estimate only. 
(Brock, PM et al. 2013). Based on ratio of 
0.000927 kg N2O to 0.85 kg CH4 enteric 
emissions 
 
4.19 Mallee farming 
The farming of mallee belts requires the initial establishment of the crop (including the application of 
herbicides), followed by ongoing yearly management and harvesting operations. 
4.19.1 Schedule of activity 
A schedule of mallee farming activity is outlined in Table 4-18. The timing of the fertiliser is assumed 
to occur after the harvest, however the exact timing of fertiliser application would be dependent on the 
growth of the mallee plantation. Over the 30 year period, the total harvest of biomass is 480 green 
tonne per hectare, equating to an average of 68.57 green tonne/ha.harvest or 16.0 green tonne per 
hectare.annum. Following the initial harvest cycle, the average yield increases to 17.5 green tonne 
per hecature.annum. It is anticipated that the total mallee farming area will be 14,742 ha producing a 
maximum of 257,985 green tonne per year over the thirty year period. In Table 4-18, the harvesting 
yields are shown adjacent to one of the activity years. However, in practice, the timing of the 
harvesting is expected to be continuous, to maintain a continuous flow of biomass to the two pyrolysis 
units. The first pyrolysis unit will be operational in 2027 (Year 6 in Table 4-18), with the second unit 
operational in 2031 (Year 10 in Table 4-18). Exact timing of the harvesting has yet to be determined 
by FFICRC. All mallee farming modelling was based on average supply over the 30 year period. 
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Table 4-18: Mallee activity inventory 
Years 
after 
est. 
Activity 
Biomass yield 
(green 
tonne/ha) 
Years 
after 
est. 
Activity 
Biomass yield 
(green 
tonne/ha) 
Years 
after 
est. 
Activity 
Biomass yield 
(green 
tonne/ha) 
0 
Crop 
establishment, 
initial fertiliser 
application 
-   -    
1 - - 11 - - 21 - - 
2 - - 12 - - 22 
Harvest, 
fertiliser 
application 
70 
3 - - 13 - - 23 - - 
4 - - 14 
Harvest, 
fertiliser 
application 
70 24 - - 
5 - - 15 - - 25 -  
6 
Harvest, 
fertiliser 
application 
60 16 - - 26 
Harvest, 
fertiliser 
application 
70 
7 - - 17 - - 27 - - 
8 - - 18 
Harvest, 
fertiliser 
application 
70 28 - - 
9 - - 19 - - 29 - - 
10 
Harvest, 
fertiliser 
application 
70 20 - - 30 
Harvest, 
fertiliser 
application 
70 
 
4.20 Mallee plantation establishment 
The inventory for the establishment of the mallee plantation is reported in Table 4-19. No fertilisers 
are applied during the establishment phase. The inventory for changes in soil carbon (due to ripping 
of pasture) is outlined in Section 4.20.1. The inventory for the crop establishment was allocated 
equally over the 30 years of farming activity. All herbicides and pesticides were modelled based on 
the active ingredient, as per ecoinvent guidelines. 
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Table 4-19: Mallee plantation establishment inventory 
Flow Amount Unit Notes 
Output 
Mallee plantation, established 1 ha 
From data provided by FFICRC, through 
Rick Giles 
Input 
Diesel combustion/ WA 2034-35 U 38 l 
Heavy duty tractor, 170 kW. 
Ripping of soil. Euro IV 
combustion. 
From data 
provided by 
FFICRC, 
through Rick 
Giles. 
Herbicides 
and 
pesticides 
application 
rate based 
on 
probability of 
application, 
applied 
area, 
average 
across 
mallee area. 
No fertiliser 
application 
upon 
establishme
nt 
Diesel combustion/ WA 2034-35 U 9.5 l 
General purpose tractor 50 
kW. Harrowing and machine 
planting. Euro IV combustion. 
Diesel combustion/ WA 2034-35 U 2.4 l 
4.9 L 130 kW diesel 8T truck. 
Delivery of seedlings to site. 
Euro IV combustion. 
Diesel combustion/ WA 2034-35 U 9.64 l 
3.0 L 126 kW diesel 4x4 dual 
cab utility. Planning, visit to 
nurseries, site marking, hand 
planting, machine planting, 
monitoring. Euro IV 
combustion. 
Diesel combustion/ WA 2034-35 U 0.91 l 
4.5 L 150 kW diesel 4x4 utility. 
Weed and insect control.  
Glyphosate, at regional storehouse/WA 
2034-35 U 
0.45 kg 
Glyphosate. Active ingredient 
concentration glyphosate with 
concentration of 450 g / l. 
Application rate of 1l/ha. 
Herbicide, at regional storehouse/WA 2034-
35 U 
2.26 kg 
Simazine. Active ingredient 
simazine with concentration of 
0.428 kg/kg. Density of 1.1 
kg/l. Application rate of 4.8 l/ha 
[sulfonyl] urea-compounds, at regional 
storehouse/ WA 2034-35 U 
0.006 kg 
Metsulfuron-methyl. Active 
ingredient metsulfuron methyl 
0.6 kg/kg. Application rate 10 
g/ha 
Herbicide, at regional storehouse/WA 2034-
35 U 
0.02 kg 
Lontrel. Active ingredient 
Metosulom 100 g/l.  
Application rate 0.2 l/ha.  
Herbicide, at regional storehouse/WA 2034-
35 U 
0.38 g 
Eclipse. Active ingredient 
Metosulom 100 g/l. Density of 
1.054 kg/l. Application rate 4 
g/ha 
Herbicide, at regional storehouse/WA 2034-
35 U 
0.0416 kg 
Verdict. Active ingredient 
haloxyfop with concentration of 
0.52 kg/l. Application rate 0.08 
l/ha 
Pyrethroid-compounds, at regional 
storehouse/WA 2034-35 U 
0.6 g 
Active ingredient Alpha-
cypermethrin 100 g/l. 
Application rate 0.006 l/ha  
Articulated truck freight, no backload, 100% 
urban/WA 2034-35 U 1677.5 kg.km 
Transport of herbicides and pesticides to 
region. Assumed 275 km and density of 1 
kg/l. 
 
4.20.1 Direct land use change 
The climate change impacts of direct land use change were determined by the change in carbon 
stocks resulting from the change in land use from pasture to mallee plantation. The calculations to 
determine carbon changes due to land use change were based on European Union directive 
guidelines (European Union 2010), based on IPCC 2006 guidelines. It was assumed that below 
ground carbon accumulation (resulting from land use change) was stored for at least 100 years. The 
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calculation relies on the difference between the reference carbon stock (CSR), and actual carbon 
stock (CSA). The carbon stock (CS) values are determined using: 
 
Where SOC is the soil organic carbon (mass of carbon per hectare), CVEG is the above and below 
ground vegetation carbon stock (mass of carbon per hectare) and A is the area concerned (33.3 ha). 
The reference (current) carbon stock (CSR) was calculated as per the above equation.  
The soil organic carbon (SOC, mass of carbon per hectare) was estimated using: 
 
Where SOCST is the standard soil organic carbon in the topsoil layer, FLU is the land use factor, FMG is 
a management factor and FI is an input factor. The factors for SOCST, FLU, FMG and FI are 
predetermined from the values reported in the EU directive documents. The SOCST value is 
determined by the climate region and soil type. The region of interest is characterised by a dry 
temperate climate. Consultation with FFICRC representatives indicate that the soil type in the region 
of interest is most readily characterised by sandy soils. Using these determinates, the SOCST is 19 
tonne carbon/hectare 
The mallee plantations will displace existing pasture. This land is a mixture of permanent pasture and 
pasture which is subject to regular or occasional crop rotation. The classification of the reference land 
use type is thus not readily classified as either grassland (pasture) or cropland. To account for the 
rotations, a time weighted average was determined. Crop rotation schedules and areas for different 
pasture type were provided by FFICRC. From this data, it was determined that, on average, 73.3% of 
pastured land would be under pasture (grassland), while 26.7% of pasture land would be under crop. 
Direct land use change was determined based on applying these percentages  
For the cropland, FLU for crops in dry temperate regions is 0.8. The management practice used on the 
crops is no till with medium carbon input, corresponding, corresponding to a FMG value of 1.1 and FI of 
1.0, respectively. The above and below ground vegetation carbon stock (CVEG) for cropland is pre-
determined in Section 8 of (European Union 2010) as zero. Using these values the reference 
cropland carbon stock has a carbon intensity of 16.72 tonne C/ha. 
For the grassland, FLU for grassland in dry temperate regions is 1.0. The management practice used 
on the pasture is improved with medium carbon input, corresponding, corresponding to a FMG value of 
1.14 and FI of 1.0, respectively. The above and below ground vegetation carbon stock (CVEG) for 
grassland in warm temperature dry regions is pre-determined in Section 8 of (European Union 2010) 
as 3.1 tonne C/ha. Using these values the reference grassland carbon stock has a carbon intensity of 
24.76 tonne C/ha. 
By applying the average factors of 73.3% grassland and 26.7% cropland, the average carbon 
intensity for the pasture considered is 22.61 tonne C/ha, corresponding to 753.00 tonne C over the 
33.3 reference area. 
The actual (future) carbon stock (CSA) was determined in a similar way to CSR. The management 
practice was with no tillage and low carbon input, corresponding to FLU, FMG and FI values of 1, 1.1 
and 0.95, respectively. These values correspond to an SOC value of 19.855 tonne/ha. CVEG was 
calculated using the alternative approach (as outlined in Section 5 of (European Union 2010)) to 
better reflect carbon stocks from mallee plantations. Using this approach, the above and below 
ground carbon stock is defined as: 
 
Where CBM is the above and below ground living biomass and CDOM is the above and below ground 
carbon stock in dead organic matter. The above and below ground living biomass (CBM) is further 
defined as: 
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Where CAGB and CBM are the above ground and below ground living biomass, respectively. Because 
the above ground biomass is coppiced and harvested, the above ground carbon has been excluded 
from the land use change calculation. All carbon in the harvested biomass is accounted for in the 
processing aspect of the inventory. The below ground carbon stocks were calculated using the mass 
of the below-ground biomass (green basis) and carbon content (green basis). As per the EU 
guidelines, in the case of carbon stock accumulation (net uptake), the carbon stock should be 
calculated after 20 years, or when the crop reaches maturity, whichever is the earliest (European 
Union 2010). At 20 years, FFICRC estimate the below ground mass (green, or wet basis) to be 31.83 
tonne per hectare. The carbon content of the wet (green) biomass is 27.61 wt%. Using these values, 
CBM is determined to be 8.789 tonne C/ha, a carbon stock of 292.7 tonne C over 33.3 ha. The above 
and below ground dead organic matter, CDOM, was estimated to be 46 g carbon/m
2
 (Galbally et al. 
2008), corresponding to 0.46 tonne/ha, a carbon stock of 15.32 tonne C. These carbon values 
correspond to a total CVEG intensity of 9.249 tonne C/ha, or 308.01 tonne C over 33.3 ha. The total 
carbon stock of the actual (future) case, CSA, is 969.18 tonne C over 33.3 ha, corresponding to an 
intensity of 29.10 tonne C/ha. The change in carbon stock (CSA-CSR) is therefore 216.18 tonne, 
corresponding to 6.49 tonne C/ha or 23.79 tonne CO2-eq/ha. The change in carbon was attributed 
linearly across the 30 year time horizon for this study. Following this thirty year horizon, no further 
claims on the land-use change can be made. A sensitivity study includes an assessment of the 
exclusion of land-use change. 
4.20.2 Ongoing management 
The inventory for the management of the mallee plantation is reported in Table 4-20 and Table 4-21. 
Table 4-20: Mallee management inventory – after first harvest. Alternative nitrous oxide 
emissions for a sensitivity study are reported in italics. 
Flow Amount Unit Notes 
Output 
Management after harvest 1 ha From data provided by Rick Giles 
Input 
Single superphosphate, as P2O5, at regional 
store 
41.58 kg 
198 kg single superphosphate single 
superphosphate and 21% P2O5 
Urea, at regional store/WA 2034-35 U 391 kg 391 kg urea 
Potassium chloride, as K2O, at regional 
storehouse/WA 2034-35 U 
105.51 kg 
195 kg muriate of potash. Scaled to 
account for K in KCl, then K in K`O 
Diesel combustion/ WA 2034-35 U 5 l 
Based on 50 kW general purpose tractor. 
Euro IV combustion 
Emissions to air 
Carbon dioxide, fossil 287 kg 
Carbon in urea converted to CO2. 
Calculated from IPCC methodology 
(IPCC 2006c) 
Dinitrogen monoxide 1.7 kg 
Direct and indirect emissions. 0.3% of 
applied nitrogen converted to N2O. 
(DIICSRTE 2013) 
Dinitrogen monoxide (sensitivity) 0.339 kg 
Direct emissions. Based on 0.06% factor 
from Barton et al. and nitrogen applied. 
Dinitrogen monoxide (sensitivity) 0.565 kg 
Indirect nitrous emissions. Estimated 
from default IPCC factors. For 
volatilisation 
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Table 4-21: Mallee management inventory – subsequent harvests. Alternative nitrous oxide 
emissions for a sensitivity study are reported in italics. 
Flow Amount Unit Notes 
Output 
Management after harvest 1 ha From data provided by Rick Giles 
Input 
Single superphosphate, as P2O5, at regional 
store 
48.51 kg 
231 kg single superphosphate and 21% 
P2O5 
Urea, at regional store/WA 2034-35 U 456 kg 456 kg urea 
Potassium chloride, as K2O, at regional 
storehouse/WA 2034-35 U 
123.20 kg 
195 kg muriate of potash. Scaled to 
account for K in KCl, then K in K`O 
Diesel combustion/ WA 2034-35 U 5 l 
Based on 50 kW general purpose tractor. 
Euro IV combustion 
Emissions to air 
Carbon dioxide, fossil 334 kg 
Carbon in urea converted to CO2. 
Calculated from IPCC methodology 
(IPCC 2006c) 
Dinitrogen monoxide 1.98 kg 
Direct and indirect emissions. 0.3% of 
applied nitrogen converted to N2O. 
(DIICSRTE 2013) 
Dinitrogen monoxide (sensitivity) 0.395 kg 
Direct emissions. Based on 0.06% factor 
from Barton et al. and nitrogen applied. 
Dinitrogen monoxide (sensitivity) 0.659 kg 
Indirect nitrous emissions. Estimated 
from default IPCC factors. For 
volatilisation 
 
4.20.3 Biomass harvesting 
The inventory for biomass harvesting is reported in Table 4-22. Based on maximum harvest yields of 
70 green tonne per hectare (17.5 green tonne per hectare.annum), the 14,742 ha over the 30 year 
period will produce 257,985 green tonne per year. When dried to 10% moisture, this corresponds with 
157,657.5 dry (10% moisture) tonne per year. The inventory for harvesting was based on average 
yields over the 30 year period, with diesel use on a per hectare, per harvest basis. The raw input of 
carbon dioxide has been added to this inventory to ensure separation of carbon dioxide uptake in the 
mallee biomass from the other farming systems. 
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Table 4-22: Mallee biomass harvesting inventory – for one hectare 
Flow Amount Unit Notes 
Output 
Wet biomass, at farm gate 68.57 tonne Average yield per hectare per harvest 
Inputs from nature (resources) 
Carbon dioxide, in air 69.4 tonne 
Carbon dioxide uptake from biomass. 
Based on 27.61% carbon content of wet 
biomass and average yield per hectare 
Input 
Diesel combustion/ WA 2034-35 U 126.3 l 
Harvester. Euro IV 
combustion. 
Based on fuel use 
provided by Rick 
Giles 
Diesel combustion/ WA 2034-35 U 76.1 l 
Haul out. Euro IV 
combustion 
Diesel combustion/ WA 2034-35 U 38.0 l 
Shunt. Euro IV 
combustion. 
Land use change 0.14257 ha 
1 ha distributed evenly across 7 harvests 
(over 30 years) 
Mallee harvester 4.29E-4 p 
Estimate. 481 tonne over 30 years per 
hectare over 33.3 hectares = 160173 
tonne. Based on harvesting rate of 20 
tonne/hr, is about 8000 hrs service life. 
Based on estimated harvester mass of 15 
tonne. Inventory from ecoinvent 2.2 
“Tractor, production/CH U” adapted 
 
4.21 Overview of pyrolysis process 
Fast pyrolysis is a high-temperature process (usually in the order of 500°C) in which biomass is 
rapidly heated in the absence of oxygen (Bridgwater 2012; Mohan, Pittman & Steele 2006). During 
this process, biomass decomposes into vapours (gas), fuel gas (a mixture of methane and carbon 
monoxide) and char (Elgowainy et al. 2012; Mohan, Pittman & Steele 2006). These vapours are 
condensed to form liquid bio-oil (or pyrolysis oil). The fuel gas can be combusted for process heat 
(Elgowainy et al. 2012), while the char can be used for heat and other purposes such as carbon 
sequestration (Elgowainy et al. 2012),. The product yield depends on processing conditions (e.g. 
heating rates, temperature and particle size) and the nature of the feedstock (Abdulla 2011; Garcia-
Perez et al. 2008; Hileman & Carter 2012; Mohan, Pittman & Steele 2006). For mallee feedstock, the 
pyrolysis oil  has a reported yield of between 50 and 65% by dry mass (under laboratory conditions) 
(Garcia-Perez et al. 2008), although pyrolysis oil yields of around 75% to 80% have been reported for 
other woody feedstock (Bridgwater 2012; Huber, Iborra & Corma 2006). 
The pyrolysis oil is unsuitable for use directly in internal combustion systems, due to its high 
corrosivity, low heating values and volatility and high viscosity (Huber, Iborra & Corma 2006). For 
example, the heating value for mallee pyrolysis oil has been reported to be in the range of 20.5 to 
22.5 MJ/kg (HHV) (Garcia-Perez et al. 2008), while most fossil-derived fuels have heating values in 
the range of 43.6 to 48.4 MJ/kg (HHV) (Marks 2007). To overcome these limitations, pyrolysis oil is 
upgraded to meet specific property requirements (Bridgwater 2012). There are three pathways for 
upgrading: hydro-deoxygenation (or hydro-treatment)., zeolite upgrading or the formation of 
emulsions with diesel fuel (Huber, Iborra & Corma 2006). The process under investigation in this 
study is hydro-deoxygenation. In this process, pyrolysis oils are treated with high-pressure hydrogen 
at elevated temperatures. The hydrogen reacts with oxygen in the pyrolysis oil (to form water), and 
results in an increased proportion of carbon-carbon bonds. The properties of the upgraded pyrolysis 
oil are significantly enhanced, making it more suitable for further distillation and use in combustion 
applications. For example, hydro-deoxygenated pyrolysis oils have reported heating values of 
between 42.3 – 45.3 MJ/kg (HHV) (Huber, Iborra & Corma 2006). 
The hydrogen for the upgrading process can be sourced through a number of pathways, including 
steam-reforming of natural gas, electrolysis, processing of naphtha, or reforming a fraction of the 
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pyrolysis oil (Ally & Pryor 2007; Elgowainy et al. 2012). Once the pyrolysis oil has been upgraded, it is 
suitable for distillation. 
The steps undertaken at the pyrolysis units will include grinding, drying, pyrolysis processing and 
storage. The inventory was based off a number of assumptions including: 
 Number of pyrolysis modules: 2 
 Biomass used for running of dryers: 25,309 dry (10%moisture ) tonne per year 
 Maximum biomass for pyrolysis processing: 133,781 dry tonne per year 
 Wet biomass moisture content: 45% 
 Dry biomass moisture content: 10% 
 Carbon content of biomass at: 
o 0% moisture: 50.20% (Wu et al. 2007) 
o 10% moisture: 42.48% (dry biomass, calculated) 
o 45% moisture: 27.61% (wet biomass, calculated) 
 Biomass losses in storage (estimated): 3%  
 Pyrolysis unit capacity: 200 dry tonne per day 
 Pyrolysis product yield:  
o Bio-oil: 123 tonne per day 
o Char: 38.2 tonne per day 
4.22 Biomass grinding and losses in storage 
The design specification for the grinder has yet to be determined. In the absence of this, inventory 
data for grinding of the biomass was based on the average electricity inputs (6.12 kWh/tonne) for a 
number of types of grinders, supplied by one of the project stakeholder, Table 4-23. The range of 
electricity consumption is incorporated into the uncertainty parameters within the LCA model. 
Table 4-23: Proxy inventory data for grinding. 
Producer / 
Type 
Pelletex 
Hammer mill 
Haas 
Hammer mill 
Acora 
Flail mill 
Vecoplan 
Grinder 
Vecoplan 
Rechipper 
Average 
Electricity 
consumption 
(kWh/tonne) 
7.2 6.4 7.0 4.2 5.8 6.12 
 
It was estimated that ground harvested biomass would be stored for a maximum of 48 hours. 
Biomass losses in storage have not been quantified and vary with a number of factors, including the 
type and form of the biomass (e.g. chip vs. log) and storage conditions (time, exposure to rain, 
temperature). Biomass losses have been estimated to be 3%-7% (Jungbluth et al. 2007). Given the 
low storage times, projected low storage time of the ground biomass of 1-2 days, it was estimated that 
the biomass loss in storage was 3%. Biomass losses were modelled as biogenic carbon dioxide air 
emissions, as per (Jungbluth et al. 2007). 
4.23 Biomass drying 
The default assumption is that the wet biomass feedstock has a nominal initial moisture content of 
45% (by mass). This moisture content is reduced to 10% by feeding the feedstock through rotary 
drum dryer. The rotary drum dryer is assumed to be fired by the combustion of additional dried 
biomass. All motors are assumed to be driven by electricity from the grid. The inventory was provided 
by Enecon, based off a drying temperature of 600°C. The drying inventory is provided in Table 4-24. 
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Table 4-24: Inventory for drying 
Flow Amount Unit Notes 
Output 
Dry biomass, for pyrolysis unit 200.88 tonne Based on dry mass output required to 
feed one pyrolysis module 
Input 
Articulated truck freight, no backload, 100% 
urban/WA 2034-35 U 
26033.18 tonne.km Transport of wet biomass. Based on 
centroid distance for 100 km of 66.6 
km. 
Mallee biomass, ground 390.88 tonne Refer Table 4-23 
Electricity, at consumer, WA 2034-35 U 246.7228 kWh For running of motors 
Dry biomass, for combustion 38.00 tonne Refer Table 4-25 for emissions. 
Emissions to air 
Water 152.00 tonne Reduction in moisture content 
Table 4-25: Inventory for dry biomass combustion 
Flow Amount Unit Notes 
Output 
Dry biomass, for combustion 1 tonne Combustion of 10% moisture biomass. 
Moisture losses already accounted for 
Emissions to air 
Carbon dioxide, biogenic 1.56 tonne Calculated from carbon content of 
42.48% at 10% moisture. 
Dinitrogen monoxide 6.271E-5 tonne Based off NGA factors for wood 
combustion. (DCCEE 2012b) Methane, biogenic 6.171E-5 tonne 
 
4.24 Fast pyrolysis 
Dynamotive provided data for material and energy flows required for a days’ production of biomass for 
a pyrolysis plant, with 200 dry (10% moisture) tonne input per day. Initially, the process will be driven 
by one plant, operating at full capacity. When the harvest rates are at 70 green tonne per hectare 
(from the second harvest, refer Table 4-18), a second pyrolysis module will be in operation, also 
operating at the full capacity of 200 dry (10% moisture) tonne input per day. The pyrolysis process 
produces non-condensable gases (NCGs) which are used as a carrier gas for the incoming biomass, 
as well as for combustion. Electricity inputs were taken from the Western Australian 2034-35 grid 
(refer Section 4.32). The inventory for pyrolysis processing is reported in Table 4-26. 
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Table 4-26: Inventory for pyrolysis processing 
Flow Amount Unit Notes 
Output 
Bio-oil, at storage 123.1 tonne 100% Allocated to bio-oil. Based on 
61.55% final bio-oil yield of incoming dry 
(10%) biomass. System expansion 
gives credit for avoided coal production. 
Sensitivity study on mass allocation. 
Data from Dynamotive 
Char, at storage 38.2 tonne 
Avoided products 
Coal production, Western Australia 51.6 tonne 19.1% of incoming dry (10%) biomass. 
Credit given based on lower heating 
value of char (27 MJ LHV/kg) to black 
coal from Premier Mine in Collie (20 MJ 
LHV/kg). 
Input 
Dry biomass, drum fed, ready for pyrolysis unit 200 tonne Average yield over 30 year period. 
Electricity – air/nitrogen supply 600 kWh Assumes NCG as the biomass carrier 
feed (235 kWh higher if nitrogen used). 
From load data 
Electricity – glycol/water system 1800 kWh From energy loads supplied by 
Dynamotive. Assumed that load factors 
already applied 
Electricity – NCG compression 4560 kWh 
Electricity – HVAC and maintenance 2400 kWh 
Electricity – primary separation 1560 kWh 
Electricity – pyrolysis reaction 3600 kWh 
Electricity – sawdust feeding system 960 kWh 
Electricity – storage of biooil 600 kWh 
Electricity – char cooling and storage 720 kWh As above. 100% allocated to bio-oil 
Energy, from natural gas/ WA 2034-35 U 3611.52 MJ Pilot gas. Based on flow rate of 3 kg/h, 
24 h operation, energy density of natural 
gas 50.16 MJ/kg 
Energy, from natural gas/ WA 2034-35 U 3611.52 MJ Purge gas 
Bio-oil, combusted 7.9 tonne Recycled bio-oil. Emissions treated in 
separate inventory. Data from 
Dynamotive 
NCG, combusted 30.8 tonne Non-condensable gases. Emissions 
treated in separate inventory. 
Methanol, at plant/GLO S 2.1614 kg  
Pyrolysis plant 4.44E-05 p Based on 30 year operation. Proxy 
inventory data taken as refinery from 
ecoinvent 2.2. 
 
4.24.1 Combustion of bio-oil and non-condensable gases 
Inventory data for greenhouse emissions (including biogenic carbon dioxide) relating to the 
combustion of bio-oil and non-condensable gases (NCGs) was requested but was not provided. 
Biogenic carbon dioxide emissions were calculated from the stoichiometric combustion of carbon 
within the bio-oil. The carbon content of the NCGs was not provided. To account for this, a carbon 
balance was undertaken on the system, with the remaining carbon indicating the mass of carbon in 
the NCGs. Using this method, the carbon content of the NCGs was calculated to be 13.81%. As for 
the bio-oil combustion, stoichiometry was used to calculate carbon dioxide emissions for NCG 
combustion. Other air emissions were estimated by adopting an inventory from the LCA from 
Jungbluth et al. (Jungbluth et al. 2007). 
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Table 4-27: Inventory for bio-oil combustion 
Flow Amount Unit Notes 
Output 
Bio-oil, combusted 1 kg  
Emissions to air 
Carbon dioxide, biogenic 1.562 kg Based on 42.64 wt% of carbon in bio-oil 
(Dynamotive 2012) and stoichiometric 
combustion to CO2 
Off-gas, per kg CO2 emission/kg/RER U 1.562 kg Other air emissions relating to 
processing of biomass to liquid fuels 
(Jungbluth et al. 2007) 
 
Table 4-28: Inventory for NCG combustion 
Flow Amount Unit Notes 
Output 
NCG, combusted 1 kg  
Emissions to air 
Carbon dioxide, biogenic 0.497219 kg Calculated from carbon balance and 
stoichiometric combustion of carbon to 
CO2 
Off-gas, per kg CO2 emission/kg/RER U 0.497219 kg Other air emissions relating to 
processing of biomass to liquid fuels 
(Jungbluth et al. 2007) 
 
4.25 Catalyst production and waste 
The upgrading of bio-oil to the end products utilises various commercial catalysis. Previous LCA 
studies report that catalyst production and waste contribute to less than 1% of total environmental 
impacts (Crossin 2012; Durlinger 2012). Although most catalysts are excluded from background 
inventories on the basis of environmental cut-off, the production and depletion of catalyst are added to 
the inventory for completeness. Data on catalyst type and quantity were requested, but were not 
provided. In the absence of these data, qualified estimates were required. 
It is recognised that the depletion of catalysts depend on a number of variables, including the catalytic 
reaction and the specific materials used to produce the catalysts. Ecoinvent documentation was 
reviewed for processes requiring catalysts (Althaus et al. 2007). Of this review, three processes 
included the depletion of catalysts: the production of acrylic acid from polypropylene, the steam 
reforming of ammonia to methane, and the production of ethylene oxide from ethylene. Of these 
processes, the catalyst consumption ranged from between 0.3 g to 0.5 g per kilogram of product 
produced. Data on catalyst use was requested, but not provided. In the absence of these data, it was 
assumed that 0.5 g of catalyst are spent for every 1 kg of total products produced. A unit process for 
catalyst production was adapted from (Jungbluth et al. 2007), which is in-turn based on average 
commercial catalyst production. Waste modelling assumed that the catalyst were disposed in landfill. 
4.26 Upgrading of bio-oil to UBA/UBB 
The IFPEn process of upgrading of bio-oil to UBB grade oil (a light synthetic crude) occurs in two 
steps; the UBA process and UBB process. Inventory data for these process steps were provided by 
IFPEn and are reported in Table 4-29 and Table 4-30. The data is based on lab-scale upgrading if 
bio-oil from pyrolysis of willow biomass. The implications of this data source are discussed in the 
limitations. The default allocation method for the methanol and acetic acid co-products from the UBA 
upgrading process was to credit the process with avoided production from methanol and acetic acid 
from other sources. An alternative allocation method (based on mass allocation of the co-products) 
are investigated in a sensitivity study. Both the UBA and UBB process produce biogenic methane. 
After consultation with Enecon, it was considered likely that these methane emissions would be 
capture for use as process heat. The inventory assumes combustion of this biogenic methane to 
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biogenic carbon dioxide. The infrastructure for the UBA/UBB facility has been estimated, based on 
proxy data for a refinery from ecoinvent. 
Table 4-29: Inventory for UBA upgrading 
Flow Amount Unit Notes 
Output 
UBA grade oil, at upgrading facility 0.45 kg Default assumption is 100% allocation 
to UBA oil, with system expansion 
applied for avoided methanol and 
acetic acid production. Sensitivity study 
on mass-allocation (with exclusion of 
avoided product credits). Data from 
IFPEn 
Methanol, at upgrading facility 0.03382 kg 
Acetic acid, at upgrading facility 0.05518 kg 
Avoided product credits 
Methanol, at plant/WA 2034-35 U 0.03382 kg Credit for avoided production. Methanol 
inventory based on US LCI inventory, 
modified for WA 2034-35 energy grids. 
Credits not applicable in mass-
allocation sensitivity study. 
Acetic acid, at plant/WA 2034-35 U 0.05518 kg Credit for avoided production.. AUPLCI 
inventory modified for WA 2034-35 
energy grids. Credits not applicable in 
mass-allocation sensitivity study. 
Input 
Bio-oil, from pyrolysis process 0.98619 kg Data from IFPEn 
Hydrogen, at upgrading facility 0.01381 kg 
Catalyst, Fischer-Tropsch synthesis/RER  U 0.2543 g Estimate, based on 0.5 g per kg end-
product. Based on Inventory from 
(Jungbluth et al. 2007) 
Articulated truck, no backload, 100% 
urban/WA 2034-35 
271.20 kg.km Freight of bio-oil to Kwinana. Euro IV 
emissions 
Waste treatment 
Wastewater 0.3800 kg Data from IFPEn 
Landfill, inert material/AU U 0.2543 g Disposal of catalyst 
Emissions to air 
Carbon dioxide, biogenic 0.0648 kg Data from IFPEn 
Carbon dioxide, biogenic 
 
0.0594 kg Data from IFPEn. Emissions from 
flaring of 0.0162 kg of  biogenic 
methane 
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Table 4-30: Inventory for UBB upgrading 
Flow Amount Unit Notes 
Output 
UBB grade oil, at upgrading facility 0.37645 kg Data from IFPEn 
Input 
UBA grade oil, at upgrading facility 0.45 kg Data from IFPEn 
Hydrogen, at upgrading facility 0.009 kg 
Catalyst, Fischer-Tropsch synthesis/RER U 0.188 g Estimate, based on 0.5 g per kg end-
product Inventory from (Jungbluth et 
al. 2007) 
Upgrading UBA/UBB plant 3.563E-07 p Based on 30 year operation, 
producing 35,213 tonne per year 
(based on 150,000 tonne dry mass 
entering pyrolysis unit). Proxy 
inventory data for refinery taken from 
ecoinvent..  
Waste treatment 
Wastewater for UBB/UBA processing 0.37645 kg Disposal of waste water for combined 
UBA/UBB process. 
Landfill, inert material/AU U 0.188 g Disposal of catalyst 
Emissions to water 
Water 0.03901 kg Data from IFPEn 
Emissions to air 
Carbon dioxide, biogenic 0.01872 kg Data from IFPEn 
Carbon dioxide, biogenic 0.037 kg Data from IFPEn. Flaring of 0.01176 
kg of biogenic methane 
Carbon monoxide, biogenic 0.01306 kg Data from IFPEn. Proxy for CO, C2+ 
 
4.26.1 Treatment of wastewater from upgrading 
No decision has been made regarding the treatment of wastewater produced at the upgrading facility. 
For the purposes of this study, it is assumed that the wastewater will be treated in Kwinana’s existing 
wastewater treatment plant (WWTP), located at Woodman Point. For the purposes of the greenhouse 
indicator, the critical inventory flow for the wastewater treatment is the carbon within the wastewater. 
The ultimate analysis of the wastewater could not be provided. The carbon content (by mass) of the 
bio-oil (42.64%) and UBB (87.5%), emissions (27.3% in CO2, 74.9% C in CH4, 42.9% in CO) as well 
as the carbon contents of the co-products (methanol, 37.5% and acetic acid, 40.0%) is known. Using 
these data, and the mass balances above, it was determined that a total of 0.0187 kg of elemental 
carbon was within the 1.113 l of wastewater to produce 0.37645 kg of UBB grade oil (refer Table 4-29 
and Table 4-30 above). Assuming that 80% of carbon is transformed to methane [0.8 for sludge 
reactors, as is installed at Woodman Point (IPCC 2006d)], which is then combusted to form 0.0549 kg 
of biogenic CO2. The remaining 20% of elemental carbon digests aerobically to 0.0137 kg of biogenic 
CO2. 
The Woodman Point WWTP plant captures methane generated from wastewater for electricity 
generation. The electricity and heat generated is only used for on-site use; none is exported to the 
grid. Water treatment processing inputs were based on electricity requirements of 0.80 MWh/ML 
(Water Corporation 2012) with the electricity mix based on data from Kenway et al. (Kenway et al. 
2008). 
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Table 4-31: Inventory for wastewater treatment – UBB and UBA wastewater 
Flow Amount Unit Notes 
Output 
Wastewater for UBB/UBA processing 1 kg Based on mass of UBB produced 
Waste processes 
Wastewater treatment, Woodman Point 
/WA 2034-35 U  
1.1130 l Based on volume of water 
generated to produce 1 kg of UBB 
oil. Accounts for energy inputs 
Emissions to air 
Carbon dioxide, biogenic 0.0549 kg Based on combustion of methane of 
methane, produced from 80% of 
0.0187 kg of elemental carbon in 
wastewater 
Carbon dioxide, biogenic 0.0137  kg Aerobic digestion; produced from 
20% of 0.0187 kg of elemental 
carbon in wastewater 
 
4.27 Processing and refining of UBB grade oil to bio-fuel 
The final processing stage refines the UBB oil to bio-fuel, suitable for blending with fossil-based Jet A-
1 fuel. The inventory for this stage is commercial-in-confidence. The inventory was supplied by IFPEn 
and accounts for infrastructure (estimated as a refinery from ecoinvent), material inputs, process 
energy inputs, cooling water and product outputs. The data is based on lab-scale processes. The 
process has multiple co-products. The process impacts were allocated to the co-products based on 
their energy content (lower heating value). The co-product of interest (for blending with Jet A-1 fuel 
fuel) has a calorific value of 43.1 MJ (LHV)/kg. 
4.28 Hydrogen production 
The final source for hydrogen for the upgrading facility has yet to be determined. The source of 
hydrogen is considered by the stakeholders as likely coming from steam-reforming of natural gas. 
Alternatively, it may be sourced from Kwinana’s BP refinery, and subsequent processing at BOC 
Kwinana (Ally & Pryor 2007). The default assumption for this study is that hydrogen is produced from 
steam-reforming of natural gas.  
The alternative processing route is unique to the BP refinery at Kwinana. Naphtha is produced during 
the distillation of crude oil, which is then reformed to produce high-octane products, which are used 
for blending into gasoline products. Hydrogen is produced during this reforming, and is transported via 
pipeline to a pressure-swing adsorption (PSA) plant, run by BOC Gases. A life cycle inventory has 
been developed for this process by Ilg (2005), although it is not publically available and no emission 
factors have been publically reported for this process. Inventory data for hydrogen production at BP 
Kwinana was not available for this study, but may be assessed in subsequent studies (pending 
provision of data from BP). 
4.28.1 Steam reforming of hydrogen 
In steam reforming, methane (from natural gas) is treated with steam in a two stage process, forming 
hydrogen and CO2. The net reaction for steam reforming is: 
CH4 + 2H2O + Heat  4H2 + CO2 
An existing life cycle inventory exists for steam reforming of natural gas in AUPLCI (which was taken 
from an earlier BUWAL dataset), but this does not account for CO2 emissions (from the combustion of 
CH4 for energy and release from reforming reactions). Spath and Mann undertook an LCA on steam-
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reformed hydrogen and reported the process inputs (Spath & Mann 2001). The inventory for steam 
reforming of natural gas to hydrogen was compiled using these process inputs together with 
calculated CO2 emissions from the net stoichiometric reaction. 
Table 4-32: Inventory for production of hydrogen from steam reforming. 
Flow Amount Unit Notes 
Output 
Hydrogen, at steam reformer plant 57 x 10
6
 scf Standard cubic feet (at 15.6°C at 101.325 kPa). 
Alternative unit shown. Mass calculated from ideal 
gas law (at 15.6°C at 101.325 kPa) 
137.397 tonne 
Input 
Natural gas, in high pressure 
pipeline/ WA 2034-35 U 
392 tonne  
Heat, natural gas/ WA 2034-35 U 43 tonne For process heat. 
Steam at 2.6 MPa/380 p.s.i 1293 tonne Adopted “Steam, from natural gas, in kg AU/U”. 
Electricity, at consumer/ WA 2034-
35 U 
153,311 MJ Refer Section 4.32 
Water, drinking, Perth, 
reticulated/WA 2034-35 U 
30.748 m
3
 Calculated from stoichiometric ratio of H2O/H2 
Air Emissions 
Carbon dioxide, fossil 749.928 tonne Calculated from stoichiometric ratio of CO2/H2. 
Emissions from combustion of natural gas already 
accounted for. 
 
The hydrogen output is typically delivered at a pressure of 20 bar (Ruth, Laffen & Timbario 2009), with 
subsequent compression required (refer Section 4.28.2). 
4.28.2 Compression of hydrogen 
The upgrading processes require hydrogen to be at pressures of up to 1800 psi, or 125 bar. It was 
assumed that the hydrogen was delivered from the steam reformer by pipeline at 20 bar, prior to 
being pressurised for the UBB/UBA processes to 125 bar. It is assumed that the hydrogen is 
delivered at a temperature of 20°C. The work needed to compress a gas can be estimated using the 
adiabatic compression equation: 
 
Where  is the adiabatic coefficient (1.41 for hydrogen), V0 is the initial volume and p refers to the 
initial and final pressures. At an initial pressure of 2000 kPa and 20°C (20 bar, corresponding to the 
outlet pressure of the steam reformer), 1.01 kg (assuming 0.01 kg is compressed, but then lost) of 
hydrogen gas has an initial volume of 0.6103 m
3
. Using these values and a final pressure of 12500 
kPa, the work required equates to 0.8206 kWh. With a compressor efficiency of 80% and 1% 
hydrogen losses in delivery, the electrical input required to deliver 1 kg of hydrogen is 1.0258 kWh. 
The inventory for hydrogen compression is reported in Table 4-33. No literature was available to 
validate the electricity requirements for this particular pressure increase. However, compression of 
hydrogen from 20 bar to 440 bar has been measured at between 2.0 to 2.2 kWh/kg (USDE 2009). 
Using the method described in this report, the electricity requirements for an increase from 20 bar to 
440 bar were calculated to be 2.1 kWh/kg, which is in good alignment with measured energy 
requirements. 
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Table 4-33: Inventory for hydrogen compression 
Flow Amount Unit Notes 
Output 
Hydrogen, 125 bar, at upgrading 
plant 
1 kg  
Input 
Electricity, at consumer/ WA 2034-
35 U 
1.0258 kWh Calculated, 90% compressor efficiency. 1.01 kg 
initially compressed. 
Hydrogen, at steam reformer plant 1.01 kg Mass balance. 
Emissions 
Heat, air 0.10258 kWh Heat losses from pump 
Hydrogen, to air 0.01 kg Losses – estimated. 
4.29 Jet fuel blending 
Inventory data for blending of the bio-fuel blend was adopted from (Allen et al. 2009). This inventory 
assumes 3.89x10
-4
 kWh of electricity is required to pump and blend 1 kg of fuel. 
4.30 Road transport 
The fuel consumption of a truck is dependent on a number of factors, including the loading conditions. 
The fuel use (MJ/km) of a articulated truck, Uf, can be estimated using: 
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Where, Ltare is the tare mass of the truck (tonnes), Ltruck is the nett loaded mass on the truck, and fl is 
the loading factor for the truck (2=full on return, 1=empty on return). To relate this energy use in terms 
of a tonne.km basis, uf, the average load is factored into the fuel use: 
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The above tonne.km based fuel consumption does not take into account differences in fuel 
efficiencies due to urban and rural driving. Urban driving is characterised by frequent stop/starts and 
braking, while non-urban driving is characterised by high average speeds and less frequent braking. 
The result is that urban transport consumes more fuel than non-urban. To account for this difference, 
fuel-intensity factors based on the average Australian freight task from Apelbaum Consulting are 
applied (Apelbaum 2005). In Australia, the average fuel consumption of total truck road transport is 
1.10 MJ/tonne.km (Apelbaum 2005). For urban truck transport, this increases to 1.35 MJ/tonne.km 
and for non-urban decreases to 1.02 MJ/tonne.km. The fuel intensity factor for urban transport is 
calculated to be 1.23 (1.35/1.10), and 0.93 (1.02/1.10) respectively for non-urban transport. These 
intensity factors are applied to generate the urban fuel use, uurban, and the rural fuel use, urural. 
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Road freight distances were based on location data and mapping estimates using Google maps. 
Loading, backhaul factors and the split between rural and urban transport were based on estimates. It 
is considered likely that the road freight trucks will meet ADR80/03 (Euro IV) emissions requirements. 
As such, the ecoinvent 2.2 inventory for Euro IV engine operation was coupled with the above 
formulae and diesel supply from BP Kwinana. The road freight transport model used does not account 
for regional-specific road conditions (such as tortuosity, gradient etc.), nor for specific-driver behaviour 
(such as shifting patterns, braking etc.). 
4.31 Aircraft fuel use and emissions 
Data on fuel consumption for the Perth-Sydney route on an Airbus A330-200 was provided by Virgin 
Australia. The time coverage of the data was for the 2011-12 financial year (June 2011 – July 2012). 
Over 923 flights, the total fuel burn was 15,861,422 kg, at an average of 17,184.6 kg per flight. No 
data was provided on passenger movements. No data could be obtained on the split of fuel burn 
between landing and take-off (LTO) operations and altitude (cruise) operations. In the absence of 
these data, emissions from LTO operations were adopted from IPCC guidelines (IPCC 2006e) and, 
where needed, were adjusted for biogenic and methane flows for the bio-jet fuel combustion. The 
altitude fuel burn was calculated as 14954.6 kg per flight (remainder of 17184.6 kg less 2230 kg). 
Altitude CO2 emissions were calculated from an emission factor derived from the Australian National 
Greenhouse (NGA) Factors (DCCEE 2012a). Altitude non-CO2 emissions were based on emission 
factors from the IPCC (IPCC 2006e). 
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Table 4-34: Inventory for Airbus A330-200 route from Perth to Sydney – fossil-based Jet A-1 
fuel 
Flow Amount Unit Notes 
Output 
Airbus A330-200; Perth to Sydney 1 p  
Input 
Jet A-1 fuel, at Perth airport 2230 kg LTO operations. Default emissions from (IPCC 
2006e), aligned with (DCCEE 2012a) 
Jet A-1 fuel, at Perth airport 14954.6 kg Cruise operations. Residual of fuel burn. 
Emissions to air 
Carbon dioxide, fossil 7050 kg LTO operations. Default emissions from (IPCC 
2006e), aligned with (DCCEE 2012a) Methane, fossil 0.13 kg 
Dinitrogen monoxide 0.2 kg 
Nitrogen oxides 35.57 kg 
Carbon monoxide 16.20 kg 
NMVOC, unspecified 1.15 kg 
Sulphur dioxide 2.23 kg 
Carbon dioxide, fossil 47397.2 kg Altitude operations. 68.9 kg CO2 per GJ, energy 
density of 36.8 GJ/kL (DCCEE 2012b), density of 
0.8 kg/L (BP 2006). Corresponds to emission factor 
of 3.1694 kg CO2 per kg of Jet A-1. 
Dinitrogen monoxide 1.49546 kg Altitude operations. Emission factors from Australian 
National Greenhouse Accounts (DCCEE 2012a) Nitrogen oxides 164.601 kg 
Carbon monoxide 104.682 kg 
NMVOC, unspecified 10.4682 kg 
 
 
Table 4-35: Inventory for Airbus A330-200 route from Perth to Sydney – blend of 50% Jet A-
1/50% bio-fuel 
Flow Amount Unit Notes 
Output 
Airbus A330-200; Perth to Sydney 1 p  
Input 
Blended Jet A-1/bio-jet fuel, at 
Perth airport 
2230 kg LTO operations. Default fuel burn for A330-200 
Blended Jet A-1/bio-jet fuel, at 
Perth airport 
14954.6 kg Cruise operations 
Emissions to air 
Carbon dioxide, fossil 3525 kg LTO operations. Default emissions from (IPCC 
2006e). Carbon dioxide and methane emissions split 
between biogenic and fossil. Biogenic emissions 
scaled to account for lower carbon content of 86.3 
(wt%). No sulphur in biofuel, so sulphur dioxide 
reduced by 50%, relative to Jet A-1. 
Carbon dioxide, biogenic 3516.9 kg 
Methane, fossil 0.065 kg 
Methane, biogenic 0.065 kg 
Dinitrogen monoxide 0.2 kg 
Nitrogen oxides 35.57 kg 
Carbon monoxide 16.20 kg 
NMVOC, unspecified 1.15 kg 
Sulphur dioxide 1.115 kg 
Carbon dioxide, fossil 23698.6 kg Altitude operations. 68.9 kg CO2 per GJ, energy 
density of 36.8 GJ/kL (DCCEE 2012b), density of 
0.8 kg/L (BP 2006). Corresponds to emission factor 
of 3.1694 kg CO2 per kg of Jet A-1. Approximates to 
carbon content for Jet A-1 of 86.4982 (wt%).  
Carbon dioxide, biogenic 23644.3 kg Same energy density for bio fuel as for Jet A-1. 
Biogenic emissions scaled to account for lower 
carbon content of 86.3 (wt%) 
Dinitrogen monoxide 1.49546 kg Altitude operations. Emission factors from Australian 
National Greenhouse Accounts (DCCEE 2012a) Nitrogen oxides 164.601 kg 
Carbon monoxide 104.682 kg 
NMVOC, unspecified 10.4682 kg 
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4.32 Electricity production and distribution in Western Australia 
The South West Interconnected System (SWIS) is the grid of interest for this study, Figure 4-3:  
 
Figure 4-3: South West Interconnected System (Western Power) 
The current life cycle inventory for electricity production in Western Australia in AUPLCI and AusLCI is 
an aggregated inventory for the whole of the state. It is unclear from supporting documentation if 
these data exclude electricity generation in the north of Western Australia (the North West 
Interconnected System, NWIS). However, the SWIS accounted for 94.7% of Western Australia’s 
electricity generation capacity in 2009-10 (RET 2011). The emission factor for the AUPLCI data is 
0.783 kg CO2-eq/kwh. This state-based value is lower than what is reported by the Department of 
Climate Change and Energy Efficiency, which cites 0.92 kg CO2-eq/kWh (full fuel cycle) for the SWIS 
grid (DCCEE 2012b). The latest grid mix, as reported by ABREE is tabulated in Table 4-36. 
Table 4-36: Western Australian electricity mix 210-11 (ABREE 2012)  
Source Production (GWh) 
Black coal 10,352.3 
Natural gas 18,115.7 
Oil products 1,413.8 
Other (combined cycle gas) 1,029.4 
Biogas 111.7 
Wind 441.1 
Solar PV 112.8 
Total 31,576.8 
 
When the data in Table 4-36 are coupled with existing life cycle inventories from the AUPLCI, and 
distribution losses of 5.3% are assumed (ESAA, 2009), an emission factor of 0.887 kg CO2-eq/kWh 
(full fuel cycle) is derived, which is in good agreement with the DCCEE value of 0.92 kg CO2-eq/kWh. 
The reason for the difference between DCCEE and the 0.887 kg CO2-eq/kWh emission factors is not 
known. It is considered unlikely that the discrepancy will affect the direction of the comparative 
assertions in this study. For the purposes of this study, the data provided in Table 4-36 are used. 
Historically, the emission intensity of the SWIS grid has been decreasing for the last 20 years, Figure 
4-4. This trend is expected to continue through to 2021-2051 (the temporal scope of this study), due 
to a forecast increase in electricity from non-hydro renewable sources, a decrease in the reliance on 
coal-fired electricity, uptake of carbon capture and storage technologies and a potential decrease in 
electricity demand (Garnaut 2008). Projecting the emissions intensity of a grid in the period 2021-
2051 is highly uncertain due to the design and effectiveness of policy and abatement instruments 
(e.g. carbon pricing, renewable energy targets).  
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Figure 4-4. Historical Emission intensity for SWIS grid. (DCCEE 2012b) 
 
The best available estimate for a grid covering the temporal scope of this study (2021-2051), is an 
estimate of the grid in 2034-35. Western Australia’s demand for electricity has been projected to 
increase from 28 TWh in 2008-09 to 46 TWh in 2034-35 (Syed & Penny 2011). A new gas–fired plant 
at Kwinana is expected to meet 72% of this increase in demand (Syed et al. 2010), or 12.96 TWh of 
yearly consumption by 2034-35. The remaining 5.04 TWh of demand is expected to be met by other 
black coal and renewable energy projects in Western Australia. A list of new and planned non-gas 
fired electricity projects for the SWIS is provided in Table 4-37. To model a 2034-35 grid, the 
electricity generation outlined in Table 4-37 was added to the data in Table 4-36, along with the 12.96 
TWh of electricity generation from gas turbines. The projected 2034-35 grid mix is provided in Table 
4-38. The total generation for this new mix is 48,648 GWh (48.6 TWh) per year. When coupled with 
transmission losses of 5.3%, this results in the delivery of 46 TWh to consumers, consistent with 
projected demand. The emission factor for the 2034-35 grid is calculated to be 0.838 kg CO2-eq/kWh, 
approximately 5% lower than the current grid mix. 
Table 4-37: Non-gas fired major electricity generation projects for SWIS grid. Data from (Stark, 
Martin & Penney 2011) 
Name Capacity Source Expected 
start-up year 
Estimated 
capacity 
factor 
(Nelson et al. 
2010) 
Total yearly 
generation 
(TWh) 
Bluewaters Stage 3 208 MW Black Coal 2013 0.8 1.459 
Bluewaters Stage 4 208 MW Black Coal 2015 0.8 1.459 
Badgingarra Wind Farm 130 MW Wind n/a 0.3 0.342 
Milyeannup Wind Farm 130 MW Wind n/a 0.3 0.342 
Waddi Wind Farm 194 MW Wind 2014 0.3 0.510 
Total new capacity 4.111 
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Table 4-38: Inventory for electricity grid production mix - WA 2034-2035 SWIS grid. No 
electricity production assumes carbon capture and storage. 
Source Production (GWh) Emission factor (kg CO2-eq/kWh) 
Black coal 10,352.3 1.19 
Natural gas 18,115.7 0.662 
Oil products 1,413.8 1.170 
Other (combined cycle gas) 1,029.4 0.543 
Biogas 111.7 0.068 
Wind 441.1 <0.001 
Solar PV 112.8 <0.001 
Black coal (new projects) 2917.3 1.19 
Wind (new projects) 1193.9 <0.001 
Natural gas (new projects) 12,960.0 0.662 
Total generation 48,648.0 0.794 
Transmission losses (5.3%) -2578.3 - 
Electricity at consumer 46,069.7 0.838 
 
4.33 Reticulated water 
Reticulated water is used for a number of production processes (e.g. fertiliser, electricity production). 
No reticulated water is directly used on-farm. The current reticulated water inventory for Western 
Australia (AUPLCI) is based on current electricity grids and current water supply portfolios. Water 
demand and supply options are expected to be different in the temporal coverage of this study (2021-
2051), compared with the present day, due to increases in urban populations and potential decreases 
in surface water supplies. The Western Australia 50 year water supply and demand strategy includes 
projections of reticulated water demand, together with options to fill a projected growing gap between 
supply and demand (Water Corporation 2009). The demand is expected to be 330 GL in 2020, 
increasing to 515 GL in 2060, with the gap in supply expected to peak at 365 GL in 2060. The 
document outlines three main strategies to account for this gap over the period 2020-2060: increasing 
the use of recycled water, decreasing demand and developing new water resources. The document 
outlines sustainability scores and cost projections for all proposed strategies, but falls short of 
projecting what the likely mix of Western Australia’s water grid would be from 2020-2060. The 
strategy document states that “seawater desalination is being developed as a base load source.” 
Therefore, for the purposes of this study, it is assumed that the supply gap will be met by new water 
sources, predominantly desalination. Western Australia currently has an operational desalination plant 
in Kwinana (45 GL/year), with another plant in Binningup. A projected mix, based on (Water 
Corporation 2009) projected availability of existing sources together with the marginal supply from 
reverse-osmosis seawater desalination for the years 2030 and 2060 is provided in Table 4-39. 
Table 4-39: Proposed water grid mix for 2030 and 2060 grids. 
2030 2060
Volume (GL) Volume (GL)
Desalination (marginal supply to account for shortfall) 100 297
Surface water (projected) 75 25
Groundwater (projected) 90 78
Groundwater recharge (from recycled potable water) 115 115
Total supply 380 515
Source type
 
To estimate the grid mix for the reference year,, the values outlined in Table 4-39 were interpolated. 
These interpolated values are reported in Table 4-40. 
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Table 4-40: Projected water grid mix for 2034-35 reference year. 
2034-35
Volume (GL)
Desalination (marginal supply to account for shortfall) 130
Surface water (projected) 68
Groundwater (projected) 88
Groundwater recharge (from recycled potable water) 115
Total supply 400
Source type
 
Inventory data were not available on existing desalination plants in Western Australia. Existing life 
cycle inventories for reverse osmosis desalination indicate an electricity input in the order of 3 to 7 
kWh per kL of water output (Raluy et al. 2005; Shaffer et al. 2012). The variation in inputs is 
attributable to the salinity of the feedstock water, water quality requirements (Shaffer et al. 2012) and 
technology. There are suggestions that electricity requirements will decrease to as low as 2 kWh per 
kL as technology improves (Raluy et al. 2005; Shaffer et al. 2012). A life cycle assessment has been 
reported for the Kwinana desalination plant, but the electricity inputs were not disclosed (Biswas 
2009). A recently commissioned desalination plant in Tugun, Queensland, has an electricity input of 
3.5 kWh per kL (de Haas, Lane & Lant 2011). For the purposes of this study, it is assumed that the 
electricity inputs of the desalination plants will be 3 kWh per kL.  
Water Corporation currently purchase renewable (wind) energy for these desalination plants. 
However, Water Corporation surrender the Renewable Energy Certificates (RECs) (WaterCorporation 
2013) for use by the electricity providers to meet their renewable energy targets. In essence, the 
surrender of the Renewable Energy Certificates means that there is not necessarily a direct 
relationship between the generation of renewable (wind) energy and the operation of the desalination 
plants (Knights, MacGill & Passey 2007). In some life cycle inventories (e.g. PLA production by 
NatureWorks in the United States, in ecoinvent), the inclusion of renewable energy inputs when the 
RECs have been surrendered has been a point of contention. For the purposes of this study, it is 
assumed that the electricity inputs for desalination are from the average grid for the reference year 
(refer Section 4.32). Material inputs (e.g. for reverse osmosis membranes, cleaning etc.) have been 
excluded based on environmental cut-off criteria (less than 1% impact in any environmental indicator).  
In the future, the groundwater recharge, Table 4-39 and Table 4-40, will be sourced from indirect 
potable reuse-grade recycled water (Water Corporation 2009). A life cycle inventory for a similar 
recycled water system has been published by de Haas et al.(de Haas, Lane & Lant 2011), and reports 
an electricity input of 1.647 kWh per kL of recycled indirect potable water. This inventory will be used 
as a basis for the groundwater recharge (from recycled potable water). However, the inventory does 
not account for electricity for groundwater pumping. This electricity requirement will be estimated in 
the inventory by calculating energy requirements for pumping to (and from) the depth of the 
groundwater reservoir. 
All other inventories (for groundwater and surface water) are based on existing life cycle inventories in 
the ecoinvent and Australasian Unit Process Life Cycle Inventory. 
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4.34 Qualitative data quality assessment 
Full details of the data sources and the uncertainty of the information are detailed in the life cycle inventory. The qualitative assessment of completeness, 
representativeness, consistency and reproducibility are based on a judgement of the dataset, including databases and are provided in Table 4-41. Table 4-4 
stated the minimum level of data quality that was required to be able to fulfil the study’s goals, Table 4-41 assesses if these minimum requirements were met. 
In many instances, the minimum data quality requirements were not met; many data points through the dataset are uncertain. However, it was considered that 
life cycle inventory data were complete and representative of the systems considered, and that the quality of this data was sufficient to fulfil the goals and 
scope of this study. It is anticipated that improved data quality will be available for further LCA studies. 
Table 4-41: Data quality assessment (very good, good, average, poor, very poor) 
Inventory Item Time 
related 
coverage  
Data type 
(Background, 
foreground, 
mixed) 
Geographical 
coverage 
Technology 
coverage 
Foreground 
precision 
(Good to 
poor, 
based on 
worst 
quantified 
data 
quality, 
refer 
Section 
4.36) 
Completeness Representativeness 
(minimum of time 
period, geographical 
coverage) 
Consistency Reproducibility Main data 
source(s) 
Crude oil 
production 
Very poor 
– data 
relates to 
past or 
present, 
not 
reference 
year 
(2034-35) 
Background Very good Very good - Very good Very poor Very good Very good Ecoinvent 
Sea freight of 
crude oil 
Mixed Very good Very good Average Very poor Very poor Very good Very good Ecoinvent, 
searates.com 
Refining of Jet A-
1 
Mixed Very good Very good Average Very poor Very poor Good Good (BP 2009; Grant 
et al. 2008b), 
AUPLCI 
Jet-fuel transport 
to Perth airport 
Mixed Very good Very good Triangle 
distribution 
Very good Very poor Very good Good (BP 2009), 
estimate, AUPLCI 
Fertiliser 
production 
Background Very good Very good - Very good Very poor Very good Good Ecoinvent, 
AUPLCI 
Pesticide and 
herbicide 
production 
Background Very good Very good - Very good Very poor Very good Good Ecoinvent 
N2O emissions 
from fertilisers 
Foreground Good Very good Good Average Very poor Very good Very good NGGI, IPCC, 
Barton et al. 
(2008),  
CO2 emissions 
from urea 
Foreground Good Very good Good Average Very poor Very good Very good (IPCC 2006c). 
Farming 
enterprise mix 
Foreground Very good Very good Good Good Very poor Very good Very good FFICRC 
Wheat farming Foreground Very good Very good Average Good Very poor Very good Good Department of Ag. 
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Inventory Item Time 
related 
coverage  
Data type 
(Background, 
foreground, 
mixed) 
Geographical 
coverage 
Technology 
coverage 
Foreground 
precision 
(Good to 
poor, 
based on 
worst 
quantified 
data 
quality, 
refer 
Section 
4.36) 
Completeness Representativeness 
(minimum of time 
period, geographical 
coverage) 
Consistency Reproducibility Main data 
source(s) 
and Food,  WA  
Canola farming Foreground Very good Very good Average Good Very poor Very good Good Department of Ag. 
and Food,  WA 
Lupin farming Foreground Very good Very good Average Good Very poor Very good Good Department of Ag. 
and Food,  WA 
Pasture 
management and 
sheep farming 
Mixed Average Average to 
good 
Average Average Very poor Very good Good FFICRC, (Barber 
& Pellow 
2006),(Keogh & 
Cottle 2009),   
Mallee farming - 
establishment 
Foreground Average Very good Average Average Very poor Very good Very good FFICRC 
Mallee farming – 
direct land-use 
change 
Poor – 
data 
relates to 
past or 
present, 
not 
reference 
year 
(2034-35) 
Foreground Very good Very good Good Very good Very poor Very good Very good Calculated, 
FFICRC,  
Mallee farming – 
ongoing 
management 
Foreground Good Average Average Poor Very poor Average Very good FFICRC 
Mallee farming - 
harvesting 
Foreground Good Average Poor Poor Very poor Very good Very good FFICRC 
Biomass grinding Foreground Average Average Poor Very poor Very poor Average Very good ROC/Enecon 
Biomass drying Foreground Average Very poor Average Very poor Very poor Very good Very good ROC/Enecon 
Fast pyrolysis Foreground Average Very poor Poor Very poor Very poor Very good Very good Dynamotive 
Catalyst 
production and 
waste 
Mixed Average Very poor Very poor Very poor Very poor Average Average Ecoinvent, 
(Jungbluth et al. 
2007). 
UBA/UBB 
upgrading 
Foreground Average  Very Poor Very poor Very poor Very poor Very good Very good IFPEn/Dynamotive 
Refining of UBB 
to jet fuel 
Foreground Average  Very Poor Confidential Very poor Very poor Very good Very poor IFPEn 
Hydrogen 
production – 
steam reforming 
Foreground Average Average Good Poor Very poor Average Very good US study 
Hydrogen 
production - 
compression 
Foreground Average Average Good Very poor Very poor Average Very good Calculations 
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Inventory Item Time 
related 
coverage  
Data type 
(Background, 
foreground, 
mixed) 
Geographical 
coverage 
Technology 
coverage 
Foreground 
precision 
(Good to 
poor, 
based on 
worst 
quantified 
data 
quality, 
refer 
Section 
4.36) 
Completeness Representativeness 
(minimum of time 
period, geographical 
coverage) 
Consistency Reproducibility Main data 
source(s) 
Jet fuel blending Foreground Average Average Triangle 
distribution 
Very good Very poor Average Very good (Allen et al. 2009). 
Road transport Mixed Very good Very good Average Very good Very poor Very good Very good Apelbum, 
AUPLCI, 
ecoinvent  
Aircraft fuel use Foreground Good Very good Good Very good Very poor Very good Good Virgin Australia 
Aircraft emissions Foreground Good Very good Good Very good Very poor Very good Very Good (IPCC 2006e), 
(DCCEE 2012a) 
Electricity 
production and 
distribution 
Mixed Good Very good Good Poor Very poor Good Good ABREE, AUPLCI 
Reticulated water Mixed Good Very good Good Poor Very poor Good Good Water 
Corporation, 
AUPLCI 
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4.35 Quantitative data quality assessment 
This study utilised the data pedigree matrix to quantify the quality and uncertainty of foreground data. 
It addresses the following data quality indicators, identified in ISO 14044:2006 clause 4.2.3.6.2: 
 Precision (reliability and sample size) 
 Completeness 
 Temporal correlation 
 Geographical correlation 
 Technological correlation 
 
The method utilised was developed by (Weidema, Bo Pedersen & Wesnæs 1996) and subsequently 
modified by ecoinvent for utilisation. In this study the data Pedigree Matrix utilised by Ecoinvent 
(Frischknecht & Jungbluth 2004), and adopts identical ‘basic uncertainty’ factors. The method 
requires that each data point be qualitatively assessed in terms of the descriptors in Table 4-42. Each 
descriptor corresponds with a score of between 1 (very good) and 5 (very poor). These scores are 
coupled with basic uncertainties to develop a lognormal standard deviation measure for the respective 
data point. All pedigree matrix factors were incorporated into the foreground model. Pedigree matrix 
scores are provided in Appendix D. The data quality scores were subsequently utilised in the 
uncertainty (Monte Carlo) analysis, Section 9. 
Table 4-42: Data pedigree matrix, from (Weidema, Bo Pedersen & Wesnæs 1996). 
a. Verif ied data 
based on 
measurements
1 
a. Representative 
data from all sites 
relevant for the 
market considered 
over an adequate 
period to even out 
normal f luctuations
1 
a. Less than 3 years 
of difference to our 
reference year 
(2010)
1 
a. Data from area 
under study
1 
a. Data from 
enterprises, 
processes and 
materials under 
study (i.e. identical 
technology)
1 
a. >100, continous 
measurement, 
balance of 
purchased products
1 
b. Verif ied data 
partly based on 
assumptions OR non- 
verif ied data based 
on measurements
2 
b. Representative 
data from
>50% of the sites 
relevant for the 
market considered 
over an adequate 
period to even out 
normal f luctuations
2 
b. Less than 6 years 
of difference to our 
reference year 
(2010)
2 
b. Average data 
from larger area in 
w hich the area 
under study is 
included
2 b. 2 b. >20 2 
c. Non-verif ied data 
partly based on 
qualif ied estimates
3 
c. Representative 
data from only some 
sites (<<50%) 
relevant for the 
market considered 
OR >50% of sites 
but from shorter 
periods
3 
c. Less than 10 
years of difference 
to our reference 
year (2010)
3 
c. Data from smaller 
area than area under 
study, or from similar 
area
3 
c. Data on related 
processes or 
materials but same 
technology, OR
Data from processes 
and materials under 
study but from 
different technology
3 
c. > 10, aggregated 
figure in env. Report
3 
d. Qualif ied estimate 
(e.g. by industrial 
expert); data derived 
from theoretical 
information 
(stoichiometry, 
enthalpy, etc.)
4 
d. Representative 
data from only one 
site relevant for the 
market considered 
OR
some sites but from 
shorter
periods
4 
d. Less than 15 
years of difference 
to our reference 
year (2010)
4 d. 4 
d. Data on related 
processes or 
materials but 
different technology, 
OR data on 
laboratory scale 
processes and same 
technology
4 d. >=3 4 
e. Non-qualif ied 
estimate
5 
e. 
Representativeness 
unknow n or data 
from a small number 
of sites AND from 
shorter periods
5 
e. Age of data 
unknow n or more 
than 15 years of 
difference to our 
reference year 
(2010)
5 
e. Data from 
unknow n OR 
distinctly different 
area (north america 
instead of middle 
east, OECD-Europe 
instead of Russia)
5 
e. Data on related 
processes or 
materials but on 
laboratory scale of 
different technology
5 e. unknow n 5 
Sample sizeReliability Completeness Temporal correlation Geographical correlation
Further technological 
correlation
 
Data points within the inventory were also assigned a visual data quality indicator. The indicator is 
intended to provide a visual representation as to the quality of the data, and is based on the lognormal 
standard deviation (as determined from the pedigree matrix scores). To determine a scale for this 
indicator, a histogram of the standard deviation associated with the foreground data was plotted, 
Figure 4-5. In this histogram, three natural ranges of standard deviations are evident; those below 
2.00, those between 2.00 and 3.00, and those greater than 3.00. These were assigned nominal 
colours of green (good), orange (average) and red (poor), respectively. Full details of the quantitative 
data quality assessment are provided in Appendix D. 
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Figure 4-5: Histogram of standard deviations in foreground data points 
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5 Aggregated Results 
Aggregated life cycle impact assessment results for the jet fuel system comparisons are reported in 
Table 5-1. Relative to the fossil-based Jet A-1 baseline, the blended biofuel (50% Jet A-1/50% bio-
fuel by mass) has a 19.9% lower climate change impact, reducing from 59.4 tonne CO2-eq to 47.6 
tonne CO2-eq per functional unit. Fossil fuel depletion impacts reduce by 53%, from $893.3 to $420.3 
per functional unit. Non-renewable cumulative energy demand reduced by 54%, from 748.0 GJ LHV 
to 345.8 GJ LHV per functional unit. Disaggregated results for the three indicators are provided in 
Section 6. A discussion of these results is provided in Section 10.1. 
Table 5-1: Aggregated results - jet-fuel systems. Results are reported per functional unit; one 
typical Airbus A330-200 commercial passenger aircraft flight, operating twin Rolls Royce Trent 
772B turbines, between Perth and Sydney (Kingsford Smith) airports 
Indicator Unit Jet A-1 50/50 Bio-fuel blend % difference
Climate change impact tonne CO2-eq 59.4 47.6 -19.9%
Fossil fuel depletion $ 893.3 420.3 -52.9%
Non-renewable Cumulative Energy Demand GJ LHV 748.0 345.8 -53.8%  
The energy ratio (refer Section 3.13) for the Jet A-1 was determined to be 0.99, while the blended 
biofuel (50% fossil-based Jet A-1/50% bio-fuel by mass) had an energy ratio of 2.17. 
Aggregated results for the farming system comparisons are reported in Table 5-2. The with-mallee 
farm has a 3.7% lower climate change impact, 13.7% lower fossil fuel depletion impacts and 14.1% 
lower non-renewable cumulative energy demand, relative to a farm without mallee. Disaggregated 
results for the three indicators are provided in Section 7. A discussion of these results is provided in 
Section 10.2.  
Table 5-2: Aggregated results - Farming systems. Results are reported per functional unit; 
productive use of a 1000 hectare farming area for one year, producing sheep, lupins, canola 
and wheat 
Indicator Unit Without mallee With mallee % difference
Climate change impact tonne CO2-eq 1127.9 1085.9 -3.7%
Fossil fuel depletion  '000 $ 4.40 3.80 -13.7%
Non-renewable Cumulative Energy Demand GJ LHV 3683.4 3164.3 -14.1%  
Assessments of the uncertainty of these comparative assertions are provided in Section 9. 
Mallee Aviation Biofuels Life Cycle Assessment 
 Final peer-reviewed LCA report 
Version: 4.0 
Page 81 
6 Disaggregated results- Jet fuel systems 
6.1 Climate change impact 
Disaggregated fossil fuel depletion results for the jet fuel systems are reported in Table 6-1 and 
Figure 6-1.  
For the bio-fuel blend (50% fossil-based Jet A-1/50% biofuel by mass), the greenhouse impacts are 
dominated by the combustion of the Jet A-1 fuel, accounting for 27.3 tonne CO2-eq/FU (per functional 
unit) of the 47.6 tonne CO2-eq/FU total. The additional sheep activity (stemming from the need to 
counter reduced sheep numbers) accounts for 7.4 tonne CO2-eq/FU. The production and supply of 
compressed hydrogen for the UBA/UBB upgrading process accounts for 5.5 tonne CO2-eq/FU, while 
the pyrolysis process contributes 4.0 tonne CO2-eq/FU The refining of the UBB oil to biofuel accounts 
for 2.5 tonne CO2-eq/FU and Jet A-1 production accounts for 2.4 tonne CO2-eq/FU The production of 
methanol, acetic acid and coal production account for a total of -1.3 tonne CO2-eq/FU in credits, while 
benefits of direct land use change (mallee biomass below ground) account for -3.6 tonne CO2-eq/FU 
All other processes accounted for less than 1 tonne CO2-eq/FU. 
For the fossil-based Jet A-1 system, the production of the Jet A-1 fuel (through crude oil production 
and supply, and refining at BP Kwinana) accounts for 8.2% (4.9 tonne CO2-eq/FU) of the total 59.4 
tonne CO2-eq/FU. The remaining 91.7% (54.5 tonne CO2-eq/FU) is associated with combustion of the 
Jet A-1 fuel in the aircraft. 
Table 6-1: Disaggregated results. Jet fuel systems. Climate change impact. Results are 
reported per functional unit. 
Bio-fuel blend Jet A-1
Mallee below ground carbon -3.6 0.0
Additional sheep activity 7.4 0.0
Biomass farming 1.6 0.0
Biomass harvesting 0.8 0.0
Biomass drying and grinding 0.5 0.0
Bio-oil pyrolysis and supply 4.0 0.0
UBA/UBB upgrading 0.0 0.0
Hydrogen production and compression for UBA/UBB 5.5 0.0
Coal production credits -0.1 0.0
Methanol production credits -0.3 0.0
Acetic acid production credits -0.8 0.0
Bio-fuel refining (confidential) 2.5 0.0
Bio-fuel blending 0.0 0.0
Fuel delivery to airport 0.1 0.0
Jet A-1 production 2.4 4.9
Jet Bio-fuel combustion 0.0 0.0
Jet A-1 combustion 27.3 54.5
Infrastructure 0.2 0.0
Catalyst production 0.1 0.0
Total 47.6 59.4
Climate change impact
(tonne CO2-eq/f.u.)Process
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Figure 6-1: Disaggregated results. Jet-fuel systems. Climate change impact. Results are 
reported per functional unit. The black diamond indicates the total impacts. 
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6.2 Fossil fuel depletion 
Disaggregated fossil fuel depletion results for the jet fuel systems are reported in Table 6-2 and 
Figure 6-2.  
For the bio-fuel blend (50% fossil-based Jet A-1/50% bio-fuel by mass), the production of Jet A-1 fuel 
accounts for the largest fossil fuel impact; $446.4 per functional unit. Following this, the production 
and compression of hydrogen for the UBA/UBB process accounts for $136.8, pyrolysis $58.9, bio-fuel 
refining $51.7, biomass farming $18.3, and biomass harvesting $12.1 per functional unit, respectively. 
The fossil fuel depletion impacts are offset by credits for the production of methanol ($-31.7), acetic 
acid ($-73.4) and coal ($-221.5), accounting for total credits of $326.6 per functional unit. All other 
process accounted for less than $10 per functional unit. 
For the fossil-based Jet A-1 system, the production of Jet A-1 from crude oil accounts for greater than 
99.9% of depletion impacts, with the remaining (less than 0.1%) impacts associated with delivering 
the Jet A-1 to the airport. 
Table 6-2: Disaggregated results. Jet fuel systems. Fossil fuel depletion. Results are reported 
per functional unit. 
Bio-fuel blend Jet A-1
Mallee below ground carbon 0.0 0.0
Additional sheep activity 8.1 0.0
Biomass farming 18.3 0.0
Biomass harvesting 12.1 0.0
Biomass drying and grinding 6.6 0.0
Bio-oil pyrolysis and supply 58.8 0.0
UBA/UBB upgrading 0.1 0.0
Hydrogen production and compression for UBA/UBB 136.8 0.0
Coal production credits -221.5 0.0
Methanol production credits -31.7 0.0
Acetic acid production credits -73.4 0.0
Bio-fuel refining (confidential) 51.7 0.0
Bio-fuel blending 0.1 0.0
Fuel delivery to airport 2.1 0.4
Jet A-1 production 446.4 892.8
Jet Bio-fuel combustion 0.0 0.0
Jet A-1 combustion 0.0 0.0
Infrastructure 3.8 0.0
Catalyst production 2.0 0.0
Total 420.3 893.3
Process
Fossil fuel depletion
($/f.u.)
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Figure 6-2: Disaggregated results. Jet-fuel systems. Fossil fuel depletion. Results are reported 
per functional unit. The black diamond indicates the total impacts. 
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6.3 Non-renewable cumulative energy demand (CED) 
Disaggregated non-renewable CED results for the jet fuel systems are reported in Table 6-3 and 
Figure 6-3. For the bio-fuel blend (50% fossil-based Jet A-1/50% bio-fuel by mass), the production of 
Jet A-1 fuel accounts for 373.8 GJ LHV per functional unit. Following this, the production and 
compression of hydrogen for the UBA/UBB process accounts for 111.2 GJ LHV, pyrolysis 48.7 GJ 
LHV, bio-fuel refining 42.2 GJ LHV and biomass farming 15.0 GJ LHV per functional unit, 
respectively. The non-renewable CED is offset by credits for the production of methanol, acetic acid 
and coal, accounting for a total of -273.9 GJ LHV per functional unit. All other process accounted for 
less than 10 GJ LHV per functional unit. 
For the fossil-based Jet A-1 system, the production of Jet A-1 from crude oil accounts for greater than 
99.9% of depletion impacts, with the remaining impacts associated with delivering the Jet A-1 to the 
airport. 
Table 6-3: Disaggregated results. Jet fuel systems. Non-renewable cumulative energy demand. 
Results are reported per functional unit 
Bio-fuel blend Jet A-1
Mallee below ground carbon 0.0 0.0
Additional sheep activity 5.0 0.0
Biomass farming 15.0 0.0
Biomass harvesting 10.2 0.0
Biomass drying and grinding 5.4 0.0
Bio-oil pyrolysis and supply 48.7 0.0
UBA/UBB upgrading 0.0 0.0
Hydrogen production and compression for UBA/UBB 111.2 0.0
Coal production credits -188.6 0.0
Methanol production credits -25.7 0.0
Acetic acid production credits -59.7 0.0
Bio-fuel refining (confidential) 42.2 0.0
Bio-fuel blending 0.1 0.0
Fuel delivery to airport 1.8 0.4
Jet A-1 production 373.8 747.7
Jet Bio-fuel combustion 0.0 0.0
Jet A-1 combustion 0.0 0.0
Infrastructure 4.1 0.0
Catalyst production 2.3 0.0
Total 345.8 748.0
Process
Non-renewable Cumulative 
Energy Demand
(GJ LHV/f.u.)
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Figure 6-3: Disaggregated results. Jet-fuel systems. Non-renewable cumulative energy 
demand. Results are reported per functional unit. The black diamond indicates the total 
impacts. 
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7 Disaggregated results - farming systems 
7.1 Climate change impact 
Disaggregated climate change impact (greenhouse emissions) for the farming systems are reported 
in Table 7-1 and Figure 7-1. The greenhouse emissions for the farming systems are dominated by 
sheep farming, accounting for 918.1 tonne CO2-eq (without mallee) and 908.3 tonne CO2-eq (with-
mallee) of climate change impact, per functional unit. The with-mallee farm impacts include -43.7 
tonne CO2-eq credit, associated with avoided Jet A-1 production and use. The impacts for wheat, 
canola and lupin farming were the same for both systems, accounting for 111.7 tonne CO2-eq, 89.7 
tonne CO2-eq and 8.3 tonne CO2-eq per functional unit, respectively. Mallee farming contributed to 
11.6 tonne CO2-eq of the climate change impact of the with-mallee system. 
Table 7-1: Disaggregated results. Farming systems. Climate change impact. Results are 
reported per functional unit; the productive use of a 1000 hectare farming area for one year, 
producing a sheep, lupins, canola and wheat. 
Without mallee With mallee
Sheep farming 918.1 908.3
Wheat farming 111.7 111.7
Canola farming 89.7 89.7
Lupin farming 8.3 8.3
Mallee farming 0.0 11.6
Avoided Jet A-1 flights 0.0 -43.7
Total 1127.9 1085.9
Climate change impact
(tonne CO2-eq/f.u.)Process
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Figure 7-1: Disaggregated results. Farming systems. Climate change impact. Results are 
reported per functional unit; the productive use of a 1000 hectare farming area for one year, 
producing a sheep, lupins, canola and wheat. 
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7.2 Fossil fuel depletion 
Disaggregated fossil fuel depletion impacts for the farming systems are reported in Table 7-2 and 
Figure 7-2. Fossil fuel depletion impacts for sheep farming were lower for the with-mallee farming 
system, accounting for a total $1.92k per functional unit, compared with $2.00k per functional unit for 
the without-mallee system. The wheat, canola and lupin farming were the same in both systems, 
accounting for $1.22k, $1.05k and $0.13k of fossil fuel depletion impacts, per functional unit. Mallee 
farming accounted for $0.13k of fossil fuel depletion impacts for the with-mallee system, while the 
avoided Jet A-1 flights contributed to a $0.66k benefit for the with mallee system. 
Table 7-2: Disaggregated results. Farming systems. Fossil fuel depletion. Results are reported 
per functional unit; the productive use of a 1000 hectare farming area for one year, producing 
a sheep, lupins, canola and wheat. 
Without mallee With mallee
Sheep farming 2.00 1.92
Wheat farming 1.22 1.22
Canola farming 1.05 1.05
Lupin farming 0.13 0.13
Mallee farming 0.00 0.13
Avoided Jet A-1 flights 0.00 -0.66
Total 4.40 3.80
Process
Fossil fuel depletion
('000 $/f.u.)
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Figure 7-2: Disaggregated results. Farming systems. Fossil fuel depletion. Results are 
reported per functional unit. Results are reported per functional unit; 1000 ha of farming area 
for one year. 
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7.3 Non-renewable cumulative energy demand (CED) 
Disaggregated results for the non-renewable CED indicator are provided in Table 7-3 and Figure 7-3. 
Non-renewable CED impacts associated with sheep farming were 80 GJ LHV per functional unit lower 
for the with-mallee system (1586.9 GJ LHV per functional unit, including additional sheep farming), 
compared with the without mallee system (1666.4 GJ LHV per functional unit). The reductions in 
sheep CED were offset by the mallee farming accounting for 110.5 GJ LHV per functional unit. The 
non-renewable CED for the other farming operations was the same for the with- and without-mallee 
systems. The with-mallee system received a 550.0GJ LHV credit for avoided Jet A-1 impacts, 
stemming from the production of mallee biofuel. 
Table 7-3: Disaggregated results. Farming systems. Non-renewable cumulative energy 
demand. Results are reported per functional unit; 1000 ha of farming area for one year. 
Without mallee With mallee
Sheep farming 1666.4 1586.8
Wheat farming 1020.1 1020.1
Canola farming 884.3 884.3
Lupin farming 112.6 112.6
Mallee farming 0.0 110.5
Avoided Jet A-1 flights 0.0 -550.0
Total 3683.4 3164.3
Process
Non-renewable Cumulative 
Energy Demand
(GJ LHV/f.u.)
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Figure 7-3: Disaggregated results. Farming systems. Non-renewable cumulative energy 
demand. Results are reported per functional unit; 1000 ha of farming area for one year. 
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8 Sensitivity studies 
8.1 Crude oil source 
The default (baseline) assumption in the study is that crude oil will be supplied from the Middle East. 
This sensitivity assessment explores differences in comparative environmental impacts, should crude 
oil be sourced from the following other regions: 
 Great Britain (offshore) 
 The Netherlands (onshore and offshore) 
 Norway (offshore) 
 Libya and Algeria (onshore) 
 Nigeria (mixed on shore and offshore) 
 North America (on shore and offshore) 
 Russia (onshore) 
 
The results of this sensitivity assessment are provided in Table 8-1 through to Table 8-3. A change in 
the region of crude oil supply does not alter the directional outcomes of the assessment; in all cases, 
there bio-fuel blend shows consistently lower indicator values compared with the fossil-based Jet A-1 
system. However, the results show that the indicator values and percentage reductions are sensitive 
to the region of crude supply. The baseline greenhouse reduction of 19.9% is within the 18.8% to 
31.8% reduction range. Similarly, baseline fossil fuel depletion and CED reductions of 52.9% and 
53.8% are within the ranges of 52.5% to 58.2% and 53.3% to 58.8%, respectively. 
Table 8-1: Sensitivity study results. Jet fuel comparisons – crude oil sources. Climate change 
impact. Results are reported per functional unit. 
Bio-fuel blend Jet A-1 % difference
Baseline 47.6 59.4 -19.9%
Rest of Africa 49.5 62.9 -21.4%
Nigeria 47.6 69.8 -31.8%
Russia 49.3 62.7 -21.3%
Great Britain 47.6 58.6 -18.8%
Netherlands 47.6 59.0 -19.3%
Norway 47.6 59.4 -19.9%
Climate change impact
(tonne CO2-eq/f.u.)Region of crude supply
 
Table 8-2: Sensitivity study results. Jet fuel comparisons – crude oil sources. Fossil fuel 
depletion. Results are reported per functional unit. 
Bio-fuel blend Jet A-1 % difference
Baseline 420.3 893.3 -52.9%
Rest of Africa 447.2 943.5 -52.6%
Nigeria 420.3 1005.7 -58.2%
Russia 453.9 956.0 -52.5%
Great Britain 420.3 917.0 -54.2%
Netherlands 420.3 888.4 -52.7%
Norway 420.3 896.9 -53.1%
Fossil fuel depletion
($/f.u.)Region of crude supply
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Table 8-3: Sensitivity study results. Jet fuel comparisons – crude oil sources. Non-renewable 
energy demand. Results are reported per functional unit. 
Bio-fuel blend Jet A-1 % difference
Baseline 345.8 748.0 -53.8%
Rest of Africa 371.1 795.2 -53.3%
Nigeria 345.8 840.3 -58.8%
Russia 373.7 800.1 -53.3%
Great Britain 345.8 767.6 -54.9%
Netherlands 345.8 744.4 -53.5%
Norway 345.8 751.0 -53.9%
Non-renewable Cumulative Energy Demand
(GJ LHV/f.u.)Region of crude supply
 
 
8.2 Nitrous oxide emission factors 
The default (baseline) assumption utilises nitrous oxide emission factors from the National 
Greenhouse Gas Inventory. Due to the uncertainty as to the applicability of nitrous oxide emissions 
factors on the farming system, this sensitivity assessment explores how the application of different 
factors affects the outcomes of the study. The sensitivity results include modelling of direct and 
indirect nitrous oxide, based on factors from Barton et al. (2008) and (IPCC 2006c). Inventory values 
for the sensitivity study are reported in the inventory tables.  
The results of the sensitivity analysis for nitrous oxide emission factors for the jet fuel comparisons 
are reported in Table 8-4. The change in nitrous oxide emission factors only changes the climate 
change impact values. The percentage reduction between the fossil-based Jet A-1 system and the 
bio-fuel system increases by less than one percentage point from 19.9% to 20.4%. The direction of 
this outcome remains unchanged; the bio-fuel blend shows a reduction in greenhouse emissions, 
relative to the fossil-based Jet A-1 system. 
Table 8-4: Sensitivity study results. Jet fuel comparisons – direct nitrous oxide emission 
factors. All indicators. Results are reported per functional unit. 
NGGI (0.3%, baseline)
Direct N2O Barton (0.02% 
wheat, 0.06% other)
 Indirect N2O IPCC
NGGI (0.3%, baseline)
Direct N2O Barton (0.02% 
wheat, 0.06% other)
 Indirect N2O IPCC
Climate change impact tonne CO2-eq 59.4 47.6 47.3 -19.9% -20.4%
Fossil fuel depletion $ 893.3 420.3 420.3 -52.9% -52.9%
Non-renewable CED GJ LHV 748.0 345.8 345.8 -53.8% -53.8%
Indicator Unit Jet A-1
Bio-fuel blend % difference
 
The results of the sensitivity analysis for nitrous oxide emission factors for the farm system 
comparisons are reported in Table 8-5. As for the jet-fuel systems, the change in nitrous oxide 
emission factors only changes the climate change impact values. The change in emission factor for 
nitrous oxide changes the with-mallee farm comparison from a 3.7% decrease (relative to without 
mallee) to a 4.0% decrease. 
Table 8-5: Sensitivity study results. Farming system comparisons – direct nitrous oxide 
emission factors. All indicators. Results are reported per functional unit. 
Without mallee With mallee % difference Without mallee With mallee % difference
Climate change impact tonne CO2-eq 1127.9 1085.9 -3.7% 1089.3 1045.3 -4.0%
Fossil fuel depletion  '000 $ 4.40 3.80 -13.7% 4.40 3.80 -13.7%
Non-renewable CED GJ LHV 3683.4 3164.3 -14.1% 3683.4 3164.3 -14.1%
Direct N2O Barton (0.02% wheat, 0.06% other)
 Indirect N2O IPCC
NGGI (0.3%, baseline)
Indicator Unit
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8.3 Allocation methods 
The default method applied in this LCA was to apply system expansion, wherever possible, to avoid 
allocation (the first methodological step, as per ISO 14044:2006 requirements). This sensitivity study 
investigates applying mass-based allocation as an alternative to system expansion. No farming 
processes were affected. As such, the results of this sensitivity assessment focus on the jet fuel 
comparisons only. The foreground processes are affected by this change in allocation methodology: 
 
 Fast pyrolysis, refer Section 4.24. 
 Upgrading of pyrolysis oil to UBA, refer Section 4.26 
 
The results of this sensitivity are reported in Table 8-6. Changing the allocation method from 
avoidance through system expansion to mass allocation affects the following: 
 
 Climate change impact reductions improve by 0.5 percentage points, from a 19.9% reduction to 
a 20.5% reduction 
 Fossil fuel potential reductions reduce by 31.3 percentage points, changing from a 52.9% 
reduction to a 21.6% reduction.  
 CED indicator comparisons reduce by 31.5 percentage points, changing from a 53.8% 
reduction to a 22.3% reduction. 
 
However, the results indicate that there is no change in the directional outcomes; under both 
allocation scenarios, the bio-fuel blend system offers reductions, relative to the fossil-based Jet A-1 
system. 
 
Table 8-6: Sensitivity study results. Jet fuel comparisons – allocation methods. All indicators. 
Results are reported per functional unit. 
System
expansion
Mass
allocation
System
expansion
Mass
allocation
Climate change impact tonne CO2-eq 59.4 47.6 47.3 -19.9% -20.5%
Fossil fuel depletion $ 893.3 420.3 700.0 -52.9% -21.6%
Non-renewable CED GJ LHV 748.0 345.8 580.9 -53.8% -22.3%
Indicator Unit Jet A-1
Bio-fuel blend % difference
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8.4 Wastewater emissions from upgrading 
The design of the UBA/UBB upgrading facility has yet to be finalised, including the treatment of 
wastewater and subsequent wastewater emissions. The default assumption in the base case is that 
all methane generated from the UBB/UBA wastewater was treated offsite at an existing municipal 
facility for energy capture and/or flaring. In this sensitivity study, that assumption is removed, with 
80% of carbon being converted to biogenic methane, and the remaining 20% being converted to 
biogenic carbon dioxide. This change in assumption is intended to reflect poorly managed, anaerobic 
wastewater management practices at either the UBA/UBB facility or municipal wastewater facility. The 
results of this sensitivity study are reported in Table 8-7. The fossil fuel depletion and CED indicators 
are not affected. However, the climate change impact is adversely affected. The difference between 
the bio fuel blend and fossil-based Jet A-1 system changes by 18.6 percentage points from a 19.9% 
reduction to a 1.3% reduction, indicating that the benefits of the bio-fuel system are highly sensitive to 
the design of the wastewater system, including the capture of methane from the UBA/UBB 
wastewater. 
Table 8-7: Sensitivity study results. Jet fuel comparisons – wastewater emissions capture. All 
indicators. Results are reported per functional unit. 
With CH4 capture Without CH4 capture With CH4 capture Without CH4 capture
Climate change impact tonne CO2-eq 59.4 47.6 58.7 -19.9% -1.3%
Fossil fuel depletion $ 893.3 420.3 420.2 -52.9% -53.0%
Non-renewable CED GJ LHV 748.0 345.8 345.8 -53.8% -53.8%
Indicator Unit Jet A-1
Bio-fuel blend % difference
 
8.5 Removal of direct land use change from biofuel system 
The base case allocates all direct land use change (below ground carbon) benefits to the bio-fuel 
system. Given the significance of the land use change benefit, there may be argument in the future as 
to the allocation of these benefits. For example, the benefits could be potentially claimed under a 
market mechanism for greenhouse emissions or carbon storage, or alternatively, the farmer may wish 
for the benefits to be allocated to the farm system, rather than the bio-fuel system. This sensitivity 
explores the changes in impacts arising from the allocation of carbon storage benefits away from the 
bio-fuel system. The results of this sensitivity assessment are reported in Table 8-8. The fossil fuel 
depletion and CED indicators are not affected. The reallocation of land use change benefits to 
another system changes the greenhouse comparison by 6.1 percentage points, from a 19.9% 
reduction to a 13.9 % reduction. This result indicates that for the bio-fuel to maintain higher 
greenhouse reductions, the allocation of carbon storage benefits must be retained with the bio-fuel 
system. 
Table 8-8: Sensitivity study results. Jet fuel comparisons – removal of direct land use change 
from biofuel system. All indicators. Results are reported per functional unit. 
With direct LUC Without direct LUC With direct LUC Without direct LUC
Climate change impact tonne CO2-eq 59.4 47.6 51.2 -19.9% -13.9%
Fossil fuel depletion $ 893.3 420.3 420.3 -52.9% -52.9%
Non-renewable CED GJ LHV 748.0 345.8 345.8 -53.8% -53.8%
Bio-fuel blend
Indicator Unit Jet A-1
% difference
 
8.6 Removal of additional sheep assumption 
In the base case, it is assumed that the reduction in sheep flock from mallee plantation is offset by 
increased stocking rates, which accommodates reduction in sheep numbers within the Great 
Southern The reduced sheep stock (equivalent to 112,629 DSE), stemming from the plantation of 
14,742 ha of mallee across the region, represents approximately 2% of the regional sheep population 
of 5.9 million DSE across the Great Southern Region.  
Australian and Western Australian sheep numbers have declined in recent years, Figure 8-1. The 
gradual reduction in sheep numbers in Australia is reflected in a reduction in the total number of 
sheep slaughtered, Figure 8-2. However, the number of slaughtered lambs has consistently within a 
range of between 15 million and 21 million per financial year, over the last 20 years, Figure 8-2. 
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Likewise, the exports of sheep and lamb meat fall within a range of between 250,000 and 350,000 
tonne per financial year, Figure 8-3. 
0
20000
40000
60000
80000
100000
120000
140000
1
9
9
7
-9
8
1
9
9
8
-9
9
1
9
9
9
-0
0
2
0
0
0
-0
1
2
0
0
1
-0
2
2
0
0
2
-0
3
2
0
0
3
-0
4
2
0
0
4
-0
5
2
0
0
5
-0
6
2
0
0
6
-0
7
2
0
0
7
-0
8
2
0
0
8
-0
9
2
0
0
9
-1
0
2
0
1
0
-1
1
2
0
1
1
-1
2
Total sheep and lambs 
('000)
Financial year
Western Australia
Australia
 
Figure 8-1: Historical sheep and lamb numbers for Australia (red squares) and Western 
Australia (blue diamonds). All statistics from Australian Bureau of Statistics. 
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Figure 8-2: Historical sheep (blue diamonds) and lamb (red squares) slaughter for Australia. 
Total slaughter numbers are indicated by the green triangles. All statistics from Australian 
Bureau of Statistics. 
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Figure 8-3: Historical mutton and lamb meat exports for Australia. All statistics from Australian 
Bureau of Statistics. 
The reductions in sheep numbers (blue line in Figure 8-2) is likely attributable to a reduction in the 
value of wool relative to that of meat (Curtis 2009). This is reflected in the reduced demand for wool, 
Figure 8-4. 
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Figure 8-4: Historical taxable wool received. All statistics from Australian Bureau of Statistics. 
The trends of lamb slaughtering and total sheep meat exports in Figure 8-2 and Figure 8-3 indicate an 
ongoing demand for lamb meat production. The OECD and FAO indicate a continued demand for 
sheep meat to 2022. The per capita sheep meat consumption is expected to increase by 0.05 
kg/capita in the developing world and maintain its current levels for the developed world. However, 
the modest increases are coupled with population increases; for all countries the demand for sheep 
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meet is expected to increase at annualised rate of 1.3%, increasing 0.3% in developed countries and 
1.6% in developing countries. The 1.3% increase demand is forecast to be met by an equal 1.3% 
annualised increase in production of 0.7% in developed countries and 1.5% (annualised) in 
developing countries. Finally, Australia is expected to remain one of the world’s largest sheep meat 
exporters, to supply growing import markets in the Middle East and Asia (OECD/FAO 2013). These 
suggest a strong argument for the inclusion of displacement effects in this study. 
On the contrary, it is not certain that the Great Southern region will fill the supply-demand gap in the 
future, in part, due to changes in climatic conditions which may make sheep farming more 
economically favourable in other areas. If this were to occur, then a reduction in sheep numbers in the 
Great Southern could occur, and the reduction in sheep numbers could be attributed to other factors, 
rather than the plantation of mallee.  
Given these counter arguments, the applicability of the additional sheep to the Great Southern (and 
thus, to this study) remain uncertain. In this sensitivity study, the two comparison systems (farms and 
jet-fuels), are assessed based on a no additional sheep basis; that is, the additional sheep are 
removed from the model. The outcomes of this sensitivity study are reported in Table 8-9 (jet fuel 
comparisons) and Table 8-10 (farm system comparisons). 
The removal of the additional sheep from the system improves the climate change impact benefits of 
the bio-fuel blend by 12.4 percentage points, with the benefits changing from a 19.9% reduction to a 
32.3% reduction, relative to the fossil-based Jet A-1 system. The changes in fossil fuel depletion and 
CED indicators were similar, with benefits improving by approximately 8 percentage points. Similarly, 
the removal of the additional sheep changes the global warming benefits of the with-mallee farm 
system by 5.0 percentage points, with the benefits changing from a 3.7% reduction to a 8.7% 
reduction, relative the without mallee farm system. The other indicators changed by approximately 
one percentage point. 
Table 8-9: Sensitivity study results. Jet fuel comparisons – inclusion or exclusion of displaced 
sheep. All indicators. Results are reported per functional unit. 
With 
additional 
sheep
Without 
additional 
sheep
With 
additional 
sheep
Without 
additional 
sheep
Climate change impact tonne CO2-eq 59.4 47.6 40.2 -19.9% -32.3%
Fossil fuel depletion $ 893.3 420.3 412.3 -52.9% -53.8%
Non-renewable CED GJ LHV 748.0 345.8 340.9 -53.8% -54.4%
Indicator Unit Jet A-1
Bio-fuel blend % difference
 
Table 8-10: Sensitivity study results. Farming comparisons – inclusion or exclusion of 
displaced sheep. All indicators. Results are reported per functional unit. 
With 
additional 
sheep
Without 
additional 
sheep
With 
additional 
sheep
Without 
additional 
sheep
Climate change impact tonne CO2-eq 1127.9 1085.9 1029.2 -3.7% -8.7%
Fossil fuel depletion 000 $ 4.4 3.8 3.8 -13.7% -14.6%
Non-renewable CED GJ LHV 3683.4 3164.3 3149.4 -14.1% -14.5%
Indicator Unit Without mallee farm
With mallee farm % difference
 
8.7 Biofuel blend proportion 
The default assumption for this study is a 50% bio-fuel/50% Jet A-1 (mass basis) blend. However, as 
reported in Section 3.1, the jet bio-fuel produced is expected to be able to directly substitute fossil-
based Jet A-1 for aviation applications. As such, higher blend proportions may be realised, including a 
100% bio-fuel based Jet A-1 substitute. The final blend proportion will depend on a number of factors, 
including economic viability, reliability in supply and conformance to technical standards. An 
assessment of these factors is beyond the scope of this study. Nevertheless, it is recognised that an 
environmental assessment of varying blends of bio- or fossil-based Jet A-1 may be needed, including 
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a 100% bio-fuel option. Table 8-11 reports on the indicator values for varying biofuel contents (mass 
based). Increasing the biofuel content improves all indicator values. 
Table 8-11: Sensitivity study results. Jet fuel comparisons – variation in biofuel content (mass 
basis). All indicators. Results are reported per functional unit. 
25%
50%
(baseline)
75% 100%
Climate change impact tonne CO2-eq 53.6 47.6 41.6 35.6
Fossil fuel depletion  '000 $ 0.7 0.4 0.2 -0.1
Non-renewable CED GJ LHV 547.7 345.8 144.0 -57.9
Indicator Unit
Biofuel content (wt%)
 
Percentage comparisons against the fossil-based Jet A-1 system are reported in Table 8-12. The 
environmental benefits of the bio-fuel blend increases with the biofuel content. At 100% bio-fuel, a 
40.0% reduction in climate change impact is realised. The 100% blend is slightly more than double 
the benefit of the 50%/50% blend (19.9%), due to the elimination of the requirement for bio-fuel 
blending and associated environmental impacts. 
Table 8-12: Sensitivity study results. Jet fuel comparisons – variation in biofuel content (mass 
basis). All indicators. Reductions versus baseline. 
25%
50%
(baseline)
75% 100%
Climate change impact 9.9% 19.9% 30.0% 40.0%
Fossil fuel depletion 26.4% 52.9% 79.5% 106.1%
Non-renewable CED 26.8% 53.8% 80.7% 107.7%
Indicator
Biofuel content (wt%)
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9 Uncertainty analysis 
All inventory data carries some uncertainty, due to the precision, accuracy and applicability of the data 
to the goal and scope of the study. Such uncertainty is quantified by assigning error ranges to the 
data points. LCA models can accommodate a number of error range types, including lognormal, 
normal and uniform distributions. The uncertainty data outlined in the quantitative data quality 
assessment (refer Section 4.35 and Appendix D) were coupled with other foreground error range 
types in the foreground and existing uncertainties in background datasets to perform an uncertainty 
analysis, using Monte Carlo simulation. A Monte Carlo simulation repeatedly quantifies results by 
varying random data points within the bounds of uncertainty. It is a method of quantifying certainty (or 
uncertainty) into the overall outcomes of the study. One thousand (1000) Monte Carlo runs were 
performed on the base system comparisons under consideration. Full results of the Monte Carlo 
analysis are provided in Appendix E. 
The results of the Monte Carlo simulation for the comparative assertions are reported in Table 9-1. 
The qualitative comparative assertions (see aggregated results reported in Table 5-1) are well 
supported by the outcomes of the Monte Carlo results.  
Table 9-1: Monte Carlo simulation results – jet fuel and farm systems 
Indicator
Percentage of runs where bio-fuel blend
has lower indicator value than for
Jet A-1
Percentage of runs where with mallee farm
has lower indicator value than for
without mallee farm
Global warming potential 95.5% 93.2%
Fossil fuel depletion 99.4% 96.3%
Non-renewable CED 99.5% 96.9%  
The results in Table 9-1 should not be interpreted as confidence in the environmental assessments of 
the individual products. The individual systems’ absolute uncertainty results for the three indicators 
considered are provided in Figure 9-1 through to Figure 9-4. Probability distributions of the Monte 
Carlo simulations for the individual products variation are provided in Appendix E. In general, the 
individual outcomes showed a high level of uncertainty. The uncertainty outcomes of Figure 9-1 
through to Figure 9-4 should not be used to compare the results of the various systems. The absolute 
uncertainty the individual systems are higher than the comparative uncertainty, due to covariance.  
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Figure 9-1: Monte Carlo analysis results; 50%/50% bio-fuel/Jet A-1 blend. Error bars represent variation from the mean and are for the 95% 
confidence interval. 
Characterisation
method: Mallee Biofuels 2007 factors Monte Carlo V1.03, confidence interval: 95 %
Uncertainty analysis of 1 p 'Flight - Jet A-1, Perth to Sydney, bio fuel/fossil blend',
Flight - Jet A-1, Perth to Sydney, bio fuel/fossil blend
Global Warming zero flow Fossil fuel depletion Cumulative energy demand
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Figure 9-2: Monte Carlo analysis results; Jet A-1. Error bars represent variation from the mean and are for the 95% confidence interval. 
Characterisation
method: Mallee Biofuels 2007 factors Monte Carlo V1.03, confidence interval: 95 %
Uncertainty analysis of 1 p 'Flight - Jet A-1, Perth to Sydney, fossil fuel',
Flight - Jet A-1, Perth to Sydney, fossil fuel
Global Warming zero flow Fossil fuel depletion Cumulative energy demand
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Figure 9-3: Monte Carlo analysis results; without-mallee farm. Error bars represent variation from the mean and are for the 95% confidence 
interval.  
Characterisation
method: Mallee Biofuels 2007 factors Monte Carlo V1.03, confidence interval: 95 %
Uncertainty analysis of 1E3 ha a 'Mixed enterprise farm - without Mallee',
Mixed enterprise farm - without Mallee
Global Warming zero flow Fossil fuel depletion Cumulative energy demand
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Figure 9-4: Monte Carlo analysis results; with-mallee farm. Error bars represent variation from the mean and are for the 95% confidence interval. 
Characterisation
method: Mallee Biofuels 2007 factors Monte Carlo V1.03, confidence interval: 95 %
Uncertainty analysis of 1E3 ha a 'Mixed enterprise farm - without Mallee',
Mixed enterprise farm - without Mallee
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10 Interpretation and discussion 
This discussion is broken into two sections; jet fuel systems and farming. In the jet fuel systems 
section, the impacts associated with the life cycle of fossil-based Jet A-1 are discussed, followed by 
those of the bio-fuel and the resultant blend. The discussion of the farming systems focusses on the 
impacts associated with the life cycles of the with- and without-mallee farming systems. In these 
discussions, the driver(s) of the main substances and processes causing the environmental impacts 
are identified. The impact categories discussed (as per Section 3.13) are: 
 Climate change impact 
 Fossil fuel depletion  
 Non-renewable cumulative energy demand (CED) 
Each of these indicators are discussed in turn. It should be noted that the impact assessment method 
for CED is only an inventory indicator and does not necessarily translate into an environmental 
impact. The fossil fuel depletion indicator is measured in dollars ($), and can be considered as a 
measure of stress on existing fossil fuel reserves; it is not an indicator of cost. 
10.1 Jet fuel systems 
10.1.1 Climate change impact 
For the fossil-based Jet A-1 system, the total climate change impact of 59.4 tonne CO2-eq per 
functional unit (FU) is dominated by the use phase (91.7%), which is in turn driven by carbon dioxide 
emissions during the use phase. Methane emissions from the production and supply of Jet A-1 
accounts for less than 1% of total climate change impact. Similarly, nitrous oxide emissions account 
for less than 1% of total climate change impact, with landing and take-off (LTO) operations accounting 
for the majority of nitrous oxide emissions, equivalent to 59.6 kg CO2-eq/FU. The greenhouse 
emissions from the production and supply of Jet A-1 are a minor contributor to the total climate 
change impact (8.2%). The majority of greenhouse emissions from the production and supply of Jet 
A-1 arise from crude oil production, which is driven by carbon dioxide from the combustion of fossil-
fuels for process heat. 
The baseline bio jet fuel blend is assumed to be blended on a 50%/50% (by mass) basis with fossil-
based Jet A-1. As such, the environmental indicators of the bio-fuel blend are close to a proportional 
blend between the fossil-based Jet A-1 fuel and the pure bio-fuel. The reason why they are not 
directly proportional is due to minor contributions of environmental impacts stemming from blending 
operations. The reductions in environmental impacts of the bio-jet fuel blend (refer Sections 5 and 6) 
are directly attributable to the contribution of the (pure) bio-fuel. In this respect, when discussing the 
reduced environmental impacts of the bio-fuel blend, it is important to consider the (pure) bio-fuel 
component of the blend. 
In the base case, the majority of climate change impact of the bio-fuel component is driven by 
emissions from additional sheep, Table 6-1, predominantly biogenic methane emissions associated 
with enteric fermentation. In this study, the baseline assumption is that sheep are displaced by mallee 
plantation, and that this reduction in sheep numbers is offset by increasing the stocking rate within the 
existing mixed farm enterprise. The assumption that the biofuel production (from mallee) displaces 
sheep means that the production of biofuel must carry the associated environmental burden of this. 
However, as reported in Section 8.6, the applicability of this assumption is uncertain. On one hand 
there is expected to be continual demand for sheep products, while on the other, sheep numbers in 
the Great Southern region may reduce due to other factors, such as economics or climate, and not as 
a direct result of mallee plantation. Nevertheless, an underlying principal in LCA is that environmental 
comparison of systems must ensure that the services provided by those systems are the same. In the 
base case, the inclusion of additional sheep ensures equivalence in service across the systems 
compared, that is, the same numbers of sheep, grain and fuel products are produced with and without 
the mallee plantation. As such, it is considered more appropriate that environmental claims be based 
on the results which include the additional sheep. 
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The next highest factor contributing to the climate change impact of the bio-fuel component, Table 
6-1, is the production and compression of steam-reformed hydrogen. This hydrogen feeds into the 
UBA and UBB upgrading processes at pressures exceeding 120 bar. The majority (92%) of the 
greenhouse emissions from hydrogen production and compression are associated with the methane 
steam-reforming process, with emissions of carbon dioxide from the reforming process driving 
emissions. Methane emissions associated with the production and delivery of natural gas to the 
steam reforming plant were a minor contributor, accounting for 2% of total hydrogen production and 
compression global warming impacts. The climate change impact of steam-reformed hydrogen was 
determined to be 9.64 kg CO2-eq/kg, and is in line with emission factors reported elsewhere (Yang & 
Ogden 2007). An alternative hydrogen production pathway could contribute to a reduction in 
greenhouse impacts. BP Kwinana produce hydrogen, however it is not known what the greenhouse 
factor of this production is. The UBA/UBB processes generates biogenic methane, either as a direct 
emission from the process itself (refer Table 4-29, Table 4-30) or stemming from wastewater (refer 
Table 4-31). The default assumption in this study was that this methane was combusted for heat 
and/or flaring. These biogenic methane flows could serve to reduce greenhouse emissions, by firstly 
being separated (from other gases) and then by feeding the biogenic methane inputs into a steam 
reformer, producing hydrogen. Any resultant direct carbon dioxide emissions from steam reforming of 
biogenic methane would result in no greenhouse emissions (based on this study’s impact assessment 
method, Section 3.13). Another alternative hydrogen production pathway is via electrolysis. A 
technical, environmental and economic assessment of these alternative hydrogen production 
pathways is beyond the scope of the current study. 
The pyrolysis process is the next major contributor to the climate change impact of the bio-fuel 
component, Table 6-1. The majority (94.5%) of the pyrolysis process’ climate change impact are 
driven by the greenhouse emissions stemming from electricity production, which is subsequently used 
to drive sub-systems, including cooling and carrier feed systems (refer Table 4-26). A reduction in 
climate change impact could be achieved by diverting the char (produced by the pyrolysis process, 
and to be on-sold as a coal replacement) towards a cogeneration system, generating electricity and 
process heat. Although such a system would reduce the credits associated with avoided coal 
production, Table 6-1, these could be offset by larger reductions associated with avoided electricity 
production (depending if the greenhouse credits of electricity exports were retained and not on-sold). 
As for the hydrogen alternatives, an assessment of this design is beyond the scope of this study. 
The next largest contributor to the climate change impact of the bio-fuel component is the final refining 
step, the specifics of which is commercial-in-confidence and as such, is largely beyond the scope of 
this discussion. This process is still under development at a laboratory scale, and further technology 
advancements and process-level LCA modelling may see changes in environmental impacts. 
A significant global warming benefit for the bio-fuel system (refer Table 6-1) is derived from the direct 
land use change, or below-ground carbon, resulting from the deep roots emanating from the mallee 
trees. As reported in Section 8.5, the allocation of these benefits away from the bio-fuel system would 
be detrimental to the greenhouse benefits of the bio-fuel, relative to fossil-based Jet A-1. It is 
recommended that direct land use change benefits be retained with the bio-fuel, so as to maximise 
greenhouse reductions. 
Methanol, acetic acid and char are produced in the pyrolysis and upgrading processes, Section 4.24 
and Section 4.26. Other global warming benefits are derived as a result of this production by providing 
credits for avoided methanol, acetic acid and coal production, Table 6-1. These credits are applied to 
the LCA using a system expansion approach to avoid allocation of co-products. If an alternative 
approach is taken to co-product allocation, such as mass-allocation in Section 8.3, then these credits 
are no longer applicable. It is considered that the system expansion approach, adopted in the base 
scenario better reflect the environmental consequences of co-production. Credits for electricity 
production are not applicable, because the design of the current pyrolysis unit produces char, not 
electricity. 
The farming and harvesting of mallee contribute to less than 5% of the bio-fuel blend global warming 
impacts. The low contribution of farming, which includes greenhouse emissions from fertiliser 
application, means that that the global warming comparisons are relatively insensitive to changes in 
the emission factor for direct nitrous oxide emissions, Section 8.2. 
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The bio-fuel climate change impact is highly sensitive to the treatment of wastewater methane 
emissions, stemming from the UBA and UBB processes. If the methane generated from wastewater is 
not captured for heat or flaring, much of the global warming benefits of the bio-fuel blend are 
eliminated, Section 8.4. Thus, any design should consider that wastewater is managed appropriately, 
either through an existing municipal system which captures methane (as in the base case), or through 
well-managed, on-site treatment systems. It is anticipated that the upgrading facility will make use of 
existing municipal systems which include methane capture. As such, it is considered unlikely that the 
scenario without methane capture would eventuate. 
The default assumption in this study was that crude-oil in Western Australia will be supplied via the 
Middle East. However, this may not be the case in the future. The emissions associated with the two 
systems vary with the region of crude oil supply, Section 8.1. The higher climate change impact for 
other regions, e.g. Nigeria, is attributable to higher greenhouse emissions associated with flaring, 
venting and fugitive emissions of greenhouse gases. Regardless of the crude oil source, the 
directional outcomes of the comparisons remain; the climate change impact of the bio-fuel blend 
system is consistently lower than for the fossil-based Jet A-1 system. 
10.1.2 Fossil fuel depletion 
As reported previously, the fossil fuel depletion indicator can be considered as an indicator of stress 
on existing fossil fuel reserves; it should not be considered as an indicator of direct cost. For the 
fossil-based Jet A-1 system, the fossil fuel depletion impacts are dominated by the supply and 
production of the Jet A-1 fuel, which are directly attributable to the depletion of crude oil reserves in 
the Middle East. 
For the bio-fuel blend, the fossil fuel depletion impacts are again a mixture of the impacts driven from 
the fossil-based Jet A-1 fuel (as discussed above), and the fossil fuel depletion impacts for the 
production of the (pure) bio-fuel. The largest contributor of fossil-fuel depletion impacts for the bio-fuel 
(in isolation of Jet A-1) is the production and compression of hydrogen, Table 6-2. Approximately 89% 
of the fossil fuel depletion impacts from hydrogen production and compression is attributable to 
natural gas reserves. 
The next largest contributor to fossil fuel depletion impacts for the bio-fuel system is the pyrolysis 
process, Table 6-2. Approximately 96% of fossil fuel depletion impacts for the pyrolysis process are 
related to coal inputs for electricity production. These burdens are offset by fossil fuel depletion credits 
arising from producing char. In this study, it is assumed the char displaces the need for coal 
production.  
The next largest contributor to the fossil fuel depletion indicator of the bio-fuel component is the final 
refining step, the specifics of which are commercial-in-confidence. Fossil fuel depletion impacts from 
mallee farming and harvesting are driven by urea inputs, which rely on natural gas reserves for 
production, and diesel use, which rely on crude-oil reserves. 
10.1.3 Non-renewable CED 
The non-renewable cumulative energy demand (CED) indicator is not an environmental indicator, as it 
does not directly relate to environmental impacts. Because the non-renewable CED indicator is 
largely related to the use of fossil-fuels, the drivers of the CED indicator are often aligned with the 
drivers of fossil fuel depletion. This is indeed the case for this study and is reflected in the similar 
percentage reductions evident in the fossil fuel depletion and CED indicators, Table 5-1. The CED 
indicator for the Jet A-1 system is dominated by the energy content of the fuel, and subsequent 
energy contents of the feedstock which produces Jet A-1 (i.e. crude oil). For the bio-fuel component 
(in isolation of fossil-based Jet A-1), the CED indicator is driven by the energy content of natural gas 
required to produce hydrogen, followed by the energy demand needed to produce electricity for the 
pyrolysis process. The production of char, stemming from the biofuel component, receives an energy 
credit for avoiding (non-renewable) coal production. 
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10.1.4 Other 
Public interest in LCA often lies in what impacts major infrastructure service systems, such as 
transport and water supply, have on total impacts. The focus of this study was not on these impacts, 
but rather on the system as a whole. Nevertheless, it is important to report on topical areas, so as to 
avoid potential misconceptions of drivers of environmental impacts. For the bio-fuel blend, the 
following are points of note for the bio-fuel blend system: 
 Desalinated water, which feeds into various energy and material production systems, 
contributes to less than 0.1% of any environmental impact considered. 
 Transportation impacts within the supply chain, including road and sea freight, account for 
approximately 2% of climate change impact, 3% of fossil fuel depletion and 4% of non-
renewable cumulative energy demand. 
 Electricity from the grid accounts for approximately 7.4% of climate change impact, 12.5% of 
fossil fuel depletion, and 12.5% of non-renewable CED. 
Although transportation impacts contributed to a minor proportion of total environmental impacts, a 
reduction in impacts across the systems could be achieved if the bio-diesel (produced in this system) 
is utilised within the supply chain. For example, if harvesters or articulated trucks used bio-diesel 
instead of fossil-based diesel, further reductions in indicators may be achieved. The use of bio-diesel 
within the supply chain would require further environmental, economic and technical analysis, based 
on availability, logistics, cost and LCA metrics. 
The sensitivity assessments show that the directional outcomes of this study are robust. In all 
sensitivity studies considered, the bio-fuel blend showed reduction in indicator values, relative to the 
fossil-based Jet A-1 system. However, the magnitude of the comparisons are sensitive to 
assumptions underpinning the study, in particular those regarding the mixture of fossil-based Jet A-1 
and bio-fuel in the blend, wastewater treatment, the treatment of additional sheep and direct land use 
change.  
10.2 Farming systems 
The farming systems assessed include an enterprise mix of wheat, canola, lupins and sheep, with 
and without mallee. The enterprise mix of wheat, canola and lupins were the same for both systems. 
In addition, the inventories of wheat, canola and lupin production were assumed to be the same. As 
such, the environmental impacts of these farming enterprises are the same in both systems. As such, 
the focus of this discussion is on the differences between the two farming systems. 
The without-mallee system includes sheep farming at a stocking rate of 7.64 DSE per pastured 
hectare. For the with-mallee system, the mallee plantation is assumed to be planted predominantly in 
marginal pastured area, meaning that the area available for sheep activity and thus sheep numbers 
are effectively reduced. To accommodate the reduction in sheep numbers, the model assumes that 
the sheep numbers are maintained in the with-mallee system by increasing the stocking rate 8.21 
DSE per pastured hectare. The inventory for with-mallee sheep is slightly different to the other sheep, 
due to additional hand-feeding requirements, increased diesel and petrol use veterinary requirements, 
both stemming  from increased stocking rates. However, FFICRC modelling indicates that additional 
fertilisers would not be needed to maintain the pasture (of the reduced grazing area) under the 
increased stocking rate. As such, on a DSE basis, the attribution of fertiliser per head is lower at the 
higher stocking rate. The outcome of this is that in this study, on a DSE basis, the with-mallee sheep 
have slightly lower environmental impacts the sheep in the without-mallee scenario, Table 10-1.  
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Table 10-1: Comparison of indicators for sheep with and without mallee. Results are reported 
on a dry-sheep equivalent (DSE) basis. 
Indicator Unit 
Sheep with mallee
Stocking rate 8.21 
DSE/pastured ha
Sheep without mallee
Stocking rate 7.64 
DSE/pastured ha
Climate change impact kg CO2-eq 249.5 252.3
Fossil fuel depletion $ 0.5 0.5
Non-renewable CED MJ LHV 436.0 457.8
 
10.2.1 Climate change impact 
The majority of global warming impacts in both farming systems are dominated by sheep farming, 
Table 7-1, which are in turn driven by enteric biogenic methane emissions. The total number of sheep 
produced on the farming systems is the same. However, because the pasture area is lower in the 
with-mallee system, the total impacts for sheep farming in the with-mallee system (908.3 tonne CO2-
eq/FU) is lower than for the without-mallee system (918.1 tonne CO2-eq/FU). This 9.8 tonne CO2-
eq/FU reduction is then offset by the 11.6 tonne CO2-eq/FU of greenhouse emissions arising from the 
mallee farming. Finally, the with-mallee system is allocated 43.7 tonne CO2-eq/FU of greenhouse 
emissions benefits from the avoidance of Jet A-1 production and use (needed to maintain functional 
equivalency across the systems). The end result is that the greenhouse warming potential of the with-
mallee system, Table 5-2, is 3.7% lower than that of the without-mallee system.  
The magnitude of global warming benefits of the with-mallee system is relatively insensitive to the 
emission factor for nitrous oxide emissions. 
10.2.2 Fossil fuel depletion and non-renewable CED 
The with-mallee system showed increases in fossil fuel depletion impacts and cumulative energy 
demand, Table 5-2. For these two indicators, the sheep impacts were lower in the with-mallee system 
were lower than for the without-mallee system, arising from the lower indicator values of the sheep, 
Table 10-1.  
The base case scenario modelled maintains an equivalence of farming and fuel outputs across the 
systems compared. As in Section 10.1, the applicability of the additional sheep to the with-mallee 
system is uncertain. The removal of these additional sheep changes the global warming benefits of 
the with-mallee farm from a 3.7% reduction to a 8.7% reduction, and also results in reductions of 
fossil fuel depletion and non-renewable CED. As reported in Section 10.1, the inclusion of additional 
sheep ensures equivalence in grain and sheep outputs across the two farming options compared. As 
such, it is considered more appropriate that environmental claims be based on the results which 
include these additional sheep. 
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11 Conclusions 
The following conclusions can be drawn on the comparison of the bio-fuel blend, relative to fossil-
based Jet A-1: 
 A reduction in climate change impact of 19.9% is achieved, based on a 50%/50% blend of bio-
fuel and fossil-based Jet A-1 
 Global warming reductions of up to 40.0% are achievable if the bio-fuel proportion in the fuel 
blend is increased to 100% 
 Further reductions in climate change impact could be achieved through process optimisation 
 Reductions in fossil fuel depletion impacts and non-renewable cumulative energy demand of 
approximately 53% and 54%, respectively, are achieved, based on a 50%/50% blend of bio-
fuel and fossil-based Jet A-1 
 Further reductions in fossil fuel depletion and non-renewable cumulative energy demand are 
achievable if the proportion of bio-fuel in the blend is increased. 
 
The comparative assertions were well supported by uncertainty analysis, with at least 95% confidence 
in the base comparisons. The magnitudes of the reductions in environmental indicators are sensitive 
to a number of assumptions, including the LCA methodology, treatment of potential sheep 
displacement, the allocation of land use change benefits, crude-oil source, wastewater emissions, and 
LCA-methodology related to the treatment of co-products. It is considered more appropriate that 
environmental claims be based on the results which include the effects of potential sheep 
displacement. 
The following conclusions can be drawn on the comparison of the with-mallee enterprise farming 
system, relative to the without-mallee farming systems: 
 A reduction in climate change impact of 3.7% is achieved 
 A reduction in fossil fuel depletion impacts of 13.7% is achieved 
 A reduction in non-renewable cumulative energy demand of 14.1% is achieved. 
 
The comparative assertions were well supported by uncertainty analysis, with at least 99% confidence 
in the base comparisons. The magnitudes of the reductions in environmental indicators are sensitive 
to a number of assumptions, including the treatment of nitrous oxide emissions and displacement 
effects on sheep. It is considered more appropriate that environmental claims be based on the results 
which include the effects of potential sheep displacement. 
A number of opportunities exist to improve the environmental profiles of the systems under 
consideration, including 
 Utilising the bio-diesel (produced in the system) within the supply chain, such as for harvesting 
and transport operations 
 Generating on-site electricity and heat from char at the pyrolysis unit(s) 
 Utilising a less greenhouse-intensive source for hydrogen 
 
The assessment of these opportunities should consider environmental, economic and technical 
aspects, but warrant further investigation. 
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12 Limitations 
12.1 Life cycle assessment methodology 
The outcomes of this study are sensitive to the LCA methodology. As such, caution should be applied 
when comparing the outcomes of this study to another LCA study. 
12.2 Temporal, geographical and technical coverage 
The outcomes of this study are based on an average over the temporal coverage of the study (2021-
2051) are not intended to reflect impacts at any one point in time. The reference period used for this 
study was 2034-35. Projections have been made on the make-up of the systems at this time (e.g. 
electricity grids) based on publically available data. Due to the uncertainty in projecting emissions 
associated with the system processes, the results of this study may not reflect actual impacts in the 
future. The results of the study are region specific and so are not intended to reflect life cycle impacts 
associated with the same technology in other regions. Likewise, the results of this study are 
technology specific, and are not intended to reflect life cycle impacts associated with similar 
technologies in either the region considered, or all regions. 
12.3 Inventory 
The outcomes of this study are limited by the quality of data in inventory. Best-available data have 
been used, whenever possible. Data quality and uncertainty has been assessed, however the results 
of this study may change if data quality were to improve. 
12.4 Biomass yield 
The outcomes of this study are specific to projected biomass yields and do not necessarily reflect the 
supply chain nor environmental impacts associated with different biomass yields. Yield variability 
research is ongoing, including an assessment of growth response curves. It is anticipated that this 
research will inform potential future LCA research, which will include an assessment on yield 
variability. 
12.5 Wastewater emissions 
The baseline climate change impacts presented assume municipal treatment of wastewater from the 
UBA/UBB upgrading process, which includes methane capture. Other wastewater systems may have 
different climate change impacts. 
12.6 Comparisons against other fossil-fuel sources 
This study is limited to comparisons based on the production of Jet A-1 via refining of crude oil. The 
results do not relate to comparisons against other fossil-fuel pathways, such as Jet A-1 produced from 
marginal (e.g. shale) oil production, or natural gas-to-liquid fuels. 
12.7 Direct land use change 
The direct land use change inventory is based on a region-wide estimate of below-ground biomass, 
and estimates of soil carbon content based on generic factors and methods. The inventory is an 
estimate only but may not reflect actual direct land use change impacts in any one region. 
12.8 Displacement effects and indirect land use change 
This life cycle assessment considers displacement effects by assuming that displaced sheep, 
stemming from the plantation of mallee, are accommodated within the region of interest by increasing 
the stocking rate. This life cycle assessment does not discount the potential occurrence of indirect 
land use change, but did not investigate or quantify potential environmental impacts associated with 
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indirect land use change 
12.9 Impact assessment 
The life cycle impact assessment (LCIA) results are relative expressions and do not predict impacts 
on category endpoints, the exceeding of thresholds, safety margins or risks and, when included as a 
part of the LCA. 
In assessing environmental impacts, this study does not differentiate between local and global 
impacts. For certain environmental indicators, this can be important.  
12.9.1 Climate change impact 
The climate change impact results do not account for timing of carbon dioxide uptake or greenhouse 
emissions. The results do not account for the uncertainty associated with global warming potential. 
12.9.2 Non-renewable CED and energy ratio indicators 
The non-renewable cumulative energy demand (CED) and energy ratio indicators do not directly 
relate to environmental impacts, but can be a precursor to environmental impact. In instances where 
fossil-based energy is used, CED can correlate to a global warming indicator. However, where 
renewable energy systems are used, CED will not correlate with any environmental indicator. 
12.10 Decision support 
This study is intended to be used as a supporting document for decision making, and is not intended 
to be the sole decision driver. The assessment of the options considered will require consideration for 
a range of topics beyond the scope of this study, including economic considerations, risk, brand 
suitability, social aspects, implementation strategies and other environmental impacts. 
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13 Future work 
13.1 Transitional biomass feedstock 
This model assumes that the mallee biomass will feed the pyrolysis unit(s) from the start of the 
temporal coverage, in 2021. In reality, it has been suggested that during an establishment period, a 
transitional feedstock may be required to feed the process(es). This feedstock may include forest 
residue or straw. This study did not include an assessment on these feedstock. An investigation into 
the impacts of the transitional biomass feedstock could be warranted. 
13.2 Biomass yields 
The biomass yields assumed were projections only, and do not necessarily achieved final yields. In 
addition, the supply chain infrastructure, including the number of pyrolysis units, are based off these 
projected yields. In this respect, yields will not only affect the process emissions, but also the design 
and environmental impacts related to infrastructure processes. Research into mallee biomass yields 
is ongoing. The outcomes of this research would inform further LCA research into the variability of 
outcomes with biomass yield. 
13.3 Infrastructure and final process modelling 
The modelling of infrastructure processes was considered crude and was based on either estimates 
or existing background life cycle inventories. In addition, some of the processes assessed are based 
on laboratory or pilot scale data. A number of opportunities exist to utilise this life cycle assessment to 
inform the design of the final processing pathway. For example, in the base case, in was assumed 
that methane emissions from the UBA/UBB process were captured for heat. In the future, this 
methane might also serve as a feedstock for steam reforming (to produce hydrogen), or to generate 
electricity. An assessment of these and other processing alternatives is warranted. 
13.4 Alternative fossil-fuel pathways 
The study only considered comparisons based on the production of Jet A-1 from crude oil. Alternative 
fossil-based fuel systems, such as gas-to-liquid (GTL) or oil from shale oils may represent an 
alternative baseline. An environmental assessment against these alternative processing pathways is 
warranted. Likewise, the environmental impacts of other alternative renewable fuel systems, such as 
those derived from Fischer-Tropsch processing, could also be compared. 
13.5 Field drying prior to mechanised drying 
Field drying experiments by the Department of Environment and Conservation, Western Australia and 
the Forest Products Commission, Western Australia have indicated that the moisture content of felled 
mallee trees can be reduced to 20 to 25%. A reduction in the moisture content would have two major 
related ramifications to the biomass processing. It would firstly reduce the amount of biomass needed 
for combustion (to reduce the moisture content to 10%). This reduction in combustion requirements 
would result in an increase in the amount of dry (at 10% moisture content) biomass available for 
pyrolysis processing. In addition, energy requirements for grinding of the lower moisture content 
biomass (prior to drying) may also be affected. The current analysis assumes a maximum operational 
capacity of 200 dry (10% moisture) tonne per day, per pyrolysis module. An increase in the availability 
of dry biomass (through field drying) would mean that this maximum capacity would be exceeded. As 
such, a new system would need to be modelled to account for larger pyrolysis units, together with the 
additional processing changes stemming from the lower initial moisture content.  
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14 Peer review comments and responses 
Table 14-1: Response to peer-review comments. Comments on draft goal and scope report denoted by prefix “1”. Comments on draft inventory 
report denoted by prefix “2”. Comments on draft LCA report denoted by prefix “3”. 
Comment # Peer-review comment Response and action 
Overall comments 
1.1 Generally the scope, proposed methods and data sources are 
appropriate. There are some aspects of the report that are unclear, 
ambiguous, or inconsistent. These need to be clarified.  
No direct action needed. Responses and actions as per 
below 
1.2 The structure of the report is somewhat confusing: some aspects of 
the proposed method are described in the methodology (1.13), and 
other aspects in the methodology review (2.6). There are some 
apparent inconsistencies between these sections 
Report has been restructured. Inconsistencies addressed as 
below 
1.3 The scope (1.7) is stated as being limited to GHG emissions, 
cumulative energy demand and fossil fuel depletion. Yet (section 
1.14) Impact assessment method, table 1.3 includes land use and 
water use 
Clarified. 
1.4 Some aspects of the methodology are not clear. For example, it is not 
clear what approach to allocation will be applied at different stages in 
the supply chain 
Details of the allocation methods have been included in the 
inventory report. 
1.5 While some data sources are detailed in the background data section 
(2.7), foreground data sources are not explicitly stated, though some 
aspects are mentioned.  There are some mentions of data sources 
and methods in in various parts of section 2, eg use of  S-GAF is 
mentioned obliquely, and the intention to request data on inputs for  
the mallee system is stated. However, there is no specific section 
detailing the intended sources of foreground data. For example,  it is 
not clear  how you intend to determine yields of mallee, and inputs 
and product yields for wheat and sheep production. Use of accurate 
foreground data for fast pyrolysis, upgrading and distillation will be 
critical. 
Full details of foreground and background data sources are 
provided in the inventory report. Data quality requirements 
will be reported, together with a data quality assessment. 
1.6 The functional unit is stated as the production from a 1000 ha farm, 
and the precise mix of products is apparently not going to be 
determined. Thus it will not be clear to what extent mallee production 
reduces wheat and sheep production. This will make it difficult to 
The mix of products has been included in the inventory 
report. Direct displacement effects now included. 
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Comment # Peer-review comment Response and action 
undertake the broader sustainability assessment to which this LCA is 
an input, which should consider food security impacts of biofuel 
production 
1.7 Include a clear statement of the GHG sources and sinks to be 
included in the study. 
 
1.8 Include a clear statement of the data sources and methods you will 
use to obtain foreground data.  
All foreground and background data sources will be 
documented in the inventory report. 
1.9 Infrastructure processes should be included, as GHG emissions 
associated with pyrolysis plant construction can be quite substantial. 
Infrastructure processes for bio-fuel processing now included. 
Details will be provided in the inventory report. 
1.10 CO2 removals and emissions should be included explicitly rather than 
assuming zero net carbon emissions. This is consistent with ISO/TC 
14067 
All removals and emissions are accounted for in the 
inventory. Zero net carbon emissions were not assumed. The 
impact assessment method applies characterisation factors 
of 0 for biogenic carbon dioxide, -1 for carbon (dioxide) 
sequestration and an adjusted factor for biogenic methane (to 
account for carbon dioxide uptake that is sequestered in 
biogenic methane).  
1.11 Explain how you propose to deal with co-products from the mixed 
farming system and from the pyrolysis process. 
Allocation for mallee farming has been avoided by increasing 
detail.  
1.12 Correct the inconsistencies in methods identified above and in the 
detailed comments. 
As addressed. 
1.13 Clarify those aspects that are unclear – indicated in the detailed 
comments. 
As addressed. 
1.14 Ensure that primary data are obtained for all significant elements. All data sources to be disclosed in inventory. Primary data 
have been obtained for significant elements. 
1.15 This study excludes the impact of the establishment phase for the 
mallee belts. Analysis of this aspect should be undertaken as a 
second stage.  
Impacts of mallee belt establishment has been included. This 
inclusion will be clarified. Environmental assessment of a 
supply chain based on a transition feedstock is excluded from 
the assessment. This will be included as a discussion 
point/limitation in the final LCA report. 
1.16 It is not clear exactly what the units are for the functional unit of the 
farm systems comparison. It is stated as product outputs per 1000 ha, 
but the units in which this will be reported are not stated. 
Full details of product output will be documented in the 
inventory report. Grain outputs will be reported in tonne, 
sheep output to be reported as dry-sheep equivalent. 
1.17 I am not certain that it is valid to assume that any mix of products has 
equivalent service.  It is important to know what products are being 
displaced to be able to report a change in GHG for the mixed-
enterprise grain farm. (It is not sufficient to subtract emissions from 
Mallee will predominantly displace pasture. This will be 
clarified in the inventory report. Potential displacement are 
now included and discussed. 
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mallee production from the non-mallee system, if that is what is 
intended.) 
1.18 How do you propose to deal with the reduced yield in the cropped 
zone adjacent to the mallee belts? 
The mallee belts will be planted in predominantly pastured 
areas, meaning that reduced crop yields in the competition 
zone are likely to be minimal. Quantification of this is 
currently being undertaken by Amir Abadi and the outcomes 
of this will be included in the final LCA report. 
1.19 1.6.2  The proposed functional unit for jet fuel of “One thousand 
passenger.km of travel in an Airbus A330-200 passenger aircraft, 
operating twin Rolls Royce Trent 772B turbines, between Perth and 
Sydney (Kingsford Smith) airports.” is appropriate, though I 
understand the passenger data are not available, so the functional 
unit will instead be one flight by the same aircraft. This is adequate. 
No response needed. 
1.20 1.7 Scope is stated as potential GHG emissions, cumulative energy 
demand and fossil fuel depletion.   
I am curious as to why the term potential is used: is this because the 
LCA addresses a proposed production system that is not yet 
commercial? (ie it is a theoretical study?) Does potential apply to 
GHG, energy demand and fossil fuel depletion?  Or is it a reflection 
that GHG is not an “end point” indicator, and so does not quantify 
actual effects on the climate. However, it does quantify the actual 
GHG emissions, so should not be considered “potential” in my 
opinion.  
The term “potential” has been used as the assessment is 
based on current estimate/forecast data and not on an 
established supply chain. This terminology will be removed 
from the report. Limitations on the outcomes of the study 
provided.  
1.21 This list of included categories is inconsistent with the information in 
table 1.3, which includes land use and water use. 
Corrected 
1.22 The geographical scope is clear and appropriate. No changes 
1.23 Is fuel supplied in Sydney also refined in Singapore? Perhaps there is 
a need to further justify Singapore, not just state current practice 
assuming a Perth starting point for the journey. 
 
The scope is for assessing flights from Perth to Sydney only. 
Thus, refuelling in Sydney and flights from Sydney to Perth 
are not included in the assessment. Jet fuel at Perth airport is 
supplied via BP Kwinana, with imported crude. Further 
clarification on the fuel supply chain will be provided in the 
inventory report. 
1.24 The proposal to focus on 2021-2051, considering a situation in which 
the mallee system is fully established, means that the ramp-up phase, 
during which mallee is being planted and is not yet productive, is 
excluded from the analysis. This is a justifiable approach for an initial 
No changes. Noted for future work. 
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consideration of the attractiveness of the producing biofuels from 
mallee biomass.  If this study produces a favourable outcome, the 
impact of this establishment phase should then be examined. 
 
1.25 It is important to state the time frame from which input data will be 
drawn and whether they will be modelled forward. To which years 
does the mixed farm data apply? Were the seasons typical? If yields 
are to be forward modelled (out to 2021-2051) then this will also be 
required for inputs. If lower yields are expected due to other effects, 
then less fertiliser will be applied, etc… It will be important to include 
a sensitivity analysis of the impact of assumption on future yields. 
Time coverage for data inputs will be provided in the 
inventory. Forecast yields will affect mixed farm enterprise 
output both in the with-mallee and without-mallee scenarios. 
As such, it is considered unlikely that comparative assertions 
between the two farming systems (with-mallee compared 
with without-mallee) will change. However, it is recognised 
that the magnitude of impacts will change (for the reasons 
indicated by the peer-reviewer). Modelling will be based on 
current yields and farming inputs. Implications for future 
yields will be highlighted as a limitation. 
1.26 It is appropriate that eutrophication, biodiversity, salinity and water 
use are dealt with separately in the FFICRC’s sustainability 
assessment. However, in relation to water impacts, it is important that 
the effects of mallee on yield of adjacent crops is included. 
As per comment 18, mallee will be planted predominantly 
within pasture. As such, competition effects for water on crop 
yields are considered to be minimal. 
1.27 While exclusion of indirect land use change is in line with the draft 
standard for sustainability assessment of bioenergy, the TS 14067 
(Carbon footprint of products) requires that indirect LUC be included 
once an agreed methodology is available. Thus it is acknowledged 
that indirect LUC can be an important issue. This should be quantified 
to whatever extent possible. For example, to the extent that  mallee 
reduces wheat yield, you could assume that additional pasture land 
will be cultivated, with loss of soil carbon 
An acknowledgement of indirect land use change will be 
documented in the discussion. However, indirect land use 
change will be addressed in FFICRC’s sustainability report. 
1.28 It is important to consider displacement of production as it will change 
emissions from different components of the mixed-farm. I assume 
that ‘marginal producers’ refers to less efficient producers or perhaps 
marginal (ie. less suitable) cropping land? The language is not clear 
here. Other environmental effects from displacement can be covered 
in a secondary report but change to on-farm emissions brought about 
by displacement needs to be included within the boundary of the 
LCA. 
As per response to Comment 27. Language has been 
clarified. 
1.29 “certain aspects of the system boundary are currently uncertain” Is it 
really the boundary that is uncertain, or just details of the inventory for 
Inventory details, were, at that stage, uncertain. The system 
boundary description will be clarified in the inventory report. 
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certain processes included in the boundary? 
1.30 Exclusion of infrastructure processes, while common in LCA studies, 
is inadequate in this study. GHG emissions associated with pyrolysis 
plant construction can be quite substantial and should not be 
excluded. 
Infrastructure processes for farming equipment (with and 
without mallee) and pyrolysis/upgrading plant will be 
included. Proxy data will be modelled due to lack of actual 
data. Better modelling of infrastructure identified as future 
work. 
1.31 It’s a grey area, but it is generally agreed that it is not biochar if made 
for coking – biochar is the term used for char manufactured for use as 
a soil amendment. Nevertheless I agree it is important to assess 
alternative uses of the biomass. Use of the char for coking is one 
possibility. I suggest that you also consider use of the biomass for 
electricity production, for example by co-firing with coal. 
Terminology changed from biochar to char. It has been since 
established that the char will sold as a product, most likely 
intended for co-firing with coal. System expansion has been 
applied to give credits to the pyrolysis process for avoided 
coal production. 
1.32 Exclusion of impacts of biochar on farming is justified, as these are 
uncertain.  Consideration of nitrous oxide through sensitivity analysis 
is appropriate, as this could be a significant benefit. Note however 
that the experimental evidence cited is obtained for biochar made 
through slow pyrolysis at temperatures of 400-550 degrees C, rather 
than through the fast pyrolysis process used to create bio-oil. 
Noted 
1.33 Perhaps you could consider enabling it for black and white printing, 
rather than referring to shared processes in the “grey area”. 
Changed wording to better-identify shared processes. 
Colours remain 
1.34 The first par says that some background flows may have been 
omitted. Then you say that the excluded elementary flows represent 
less than 1% of the mass and energy flows. How have you 
determined the 1% figure? What types of flows have been excluded? 
This is an estimate only. Wording changed 
1.35 Are you describing the study as an assessment of potential impacts 
because it is theoretical, relating to the future? 
Yes. As per Comment 20, this terminology will be removed. 
1.36 Table 1-1 These are appropriate datasets for this study, though I 
would be wary of utilising Jungbluth’s data, as these relate to biomass 
production in Europe, which is a very different farming system 
(different species and environment), and the technology and product 
are also different. 
Jungbluth’s data on pre-processing (e.g. chipping) was used 
in the preliminary models, prior to the availability of primary 
data. Jungbluth’s study is still used for proxy data for 
pyrolysis and upgrading infrastructure, and non-CO2 
emissions for combustion of non-condensable gases only 
(primary data for this was not available). 
1.37 Which processes are considered foreground? Which flows will be 
obtained from the datasets listed in table 1-1? 
Full details of data sources will be provided in the inventory 
report. 
1.38 I appreciate the inclusion of the explanation of how system expansion 
will be performed.  I have marked some comments in your report. 
Amended section 
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1.39 Figure 1-2 needs a key to explain the dotted and solid lines and 
boxes.  
1.40 Do you propose to use system expansion to handle the co-products 
of pyrolysis ie bio-oil and biochar, and syngas? 
System expansion has been used for the pyrolysis process to 
handle avoided coal production. The syngas (I presume this 
is in reference to the non-condensable gases) are (in the 
base case) 100% utilised in the case by the process, so 
allocation is not required.  
1.41 You have indicated that you don’t intend to distinguish between the 
farm outputs of wheat/meat/wool, but presumably there will be a need 
to allocate between these agricultural outputs and the mallee 
biomass. Please explain how this will be handled 
There is no need to allocate between agriculture outputs and 
mallee biomass. Enough inventory detail exists so that these 
systems can be separated (i.e. this is Step 1.1 a of ISO’s 
allocation requirements). 
1.42 The “second preference” rather than second step (as these are 
alternatives, not stages) 
Again “preference” rather than “step” 
ISO 14044:2006 refer to this list as “Steps”. No changes 
made. 
1.43 When you say that you may assign some sheep emissions eg urine, 
dung to the mallee crop do you mean that you may allocate the 
nitrous oxide emissions to the mallee?  
This was only a proposed method, prior to the availability of 
disaggregated inventory data. Allocation of nitrous oxide 
emissions from sheep will be allocated to sheep.  
1.43 The heading is economic allocation but the text is more general. 
Reword heading to correct this inconsistency. 
Reworded 
1.44 Mention here that you have used a modified GWP for “biogenic 
methane”, as this is not taken from AR4, I think. 
Added. Also included example of why the adjustment is 
needed. 
1.45 Is there a list of abbreviations that defines LHV and other 
abbreviations used?  
List of abbreviations and glossary included. 
1.46 Word missing: The additional investment required to extract fossil fuel 
resources to depletion… 
Corrected 
1.47 Water consumption: does this include water used in wheat, sheep 
and mallee production? Ie transpiration, and stock water 
consumption?  
Water consumption does not include water (from 
rainfall/stockwater) for wheat, sheep and mallee production. 
Table clarified. 
1.48 The treatment of biological carbon flows should not follow IPCC 
guidelines for national inventories. These guidelines have been 
constructed to avoid double counting of biomass emissions in the 
energy sector, as they are already counted in the LULUCF sector at 
the time of harvest, in the case of woody biomass
1
. This is not 
Acknowledged, however background datasets (ecoinvent 2.2, 
AUPLCI etc.) do not currently carbon-balance for carbon 
uptake and biogenic (e.g. carbon dioxide, methane) releases. 
All CO2 removals and emissions have been included in the 
foreground inventory. The impact assessment approach 
                                                     
1
 For annual plants, the carbon cycle is considered neutral, so neither the sequestration nor the combustion emissions are included. 
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appropriate for project –level LCA.  CO2 removals and emissions 
should be included explicitly. 
Please state clearly the GWP used for biogenic methane and provide 
a reference for the approach that you have used to adjust the GWP 
(and provide more detail so the reader can see exactly how you got 
2.25 kg CO2e/kg, and how you have used this figure.) 
assigns a GWP of 0 to biogenic carbon dioxide air emissions, 
with adjusted GWP of biogenic methane air emissions to 
account for carbon uptake. An example of this will be 
provided in the report. 
1.49 Are you defining “less than 100 years” as short-term? The IPCC 
defines short term as one year! What proportion of biochar carbon is 
assumed to enter “long-term storage”? How do you propose to reflect 
this in the impact assessment? You state in section 2.6.1 that you are 
assuming “zero flow” , which appears to mean “carbon neutrality” , or 
“zero net CO2 emissions”. But that is inconsistent with this statement 
about counting  soil carbon.  
“Zero flow” does not mean carbon neutral or zero net CO2 
emissions. Rather, “zero flow” is intended to reflect the 
impact assessment method for carbon dioxide uptake (GWP 
of 0) and biogenic carbon dioxide air emissions (GWP of 0). 
This is to differentiate it from the approach of assigning a 
GWP -1 for carbon dioxide uptake and GWP of 1 for biogenic 
carbon dioxide air emissions. Terminology changed. 
1.50 It would be useful to clarify here how the NIR/NGGI values for crop 
residues will be applied  (are you assuming rotting, removal or 
burning?) It is important that N2O and are included. If the study is 
within the NGGI leaching zone, then this also needs to be stated. 
Good to see in section 2.6.2 that emissions factors developed by 
Louise Barton are being used and that sensitivity testing will be done 
and that burning etc are considered in Section 2.6.3. An earlier 
statement  (in methodology section) about what is included and what 
is omitted would be useful. 
To be addressed in final LCA report. 
1.51 It is not clear what data you are requesting from Virgin/Airbus Fuel use and passenger numbers for the Perth-Sydney 
sector on an Airbus A330-200 were requested. Only fuel use 
was provided. Full details on data will be documented in the 
inventory report. 
1.52 I suggest this would be easier to follow if you describe the mallee first 
before discussing how it is used in the farming system. Make it clear 
that mallee is a new crop grown on in belts on some (not all) 
properties in this region.  Please make sure that this section is 
reviewed by someone from FFI CRC with good knowledge of the 
mallee production system. Use consistent terminology – sometimes 
the mallee is referred to as a crop sometimes as a plantation. You 
need to explain coppicing. 
“Mallee plantation” now used in most instances. 
This section reviewed and clarified. 
1.53 The report indicates that 25-50% of the alley would be under grain ‘at 
any one time’. Does this take into account that grain would not be 
Clarification now provided. 
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grown for the full 12 month period. ie. is it just a statement that the 
crop is grown for half of the year then the sheep grazed on the 
stubble for the other half of the year? Clarity is required, to 
foreshadow assumptions about the extent to which livestock versus 
cropping will be displaced. 
1.54 2.4 Last paragraph discusses the range of pathways through which 
hydrogen can be sourced but does not state what pathway you will 
model. 
Full details of hydrogen assumptions will be documented in 
the inventory report. 
1.55 2.5.4 To clarify re the study of Brock et al. (2012):  it does consider 
‘upstream’ emissions from the transport of inputs to the regional store 
and to the farm but retained a farm gate boundary, therefore no 
‘downstream’ emissions beyond the farm gate. (Perhaps the 
terminology is the problem here.) Also, it did calculate nitrous oxide 
emissions from runoff. It is important to indicate that they were 
calculated but that the reason for exclusion was consistency with 
NGGI. NSW DPI has an accepted wool paper that will available within 
the timeframe of this ongoing study, with some details available at:  
Terminology changed. 
1.56 The report refers to ‘on-farm’ transport in the work by Biswas et al. 
(2008).  Perhaps there is confusion here between ‘on-farm 
operations’ and ‘transport’ that might occur, for example moving a 
field bin during harvest. Or, perhaps the confusion is with pre-farm 
transport? 
Citation to Biswas removed. 
1.57 The benefits of using a mixed farm (Eady et al 2012) for validation 
seem to be lost, unless there is certainty about which products from 
that farm will be displaced and whether the farm is typical to the 
region and whether it was studied over typical seasons. These points 
need to be addressed. It is important that the authors acknowledge 
that using a single case study over only a few years for data input can 
be risky but that it can be used to provide method from which to apply 
regionally-specific data. It would be useful to put the ‘case study’ farm 
on a map of the Great Southern Region. For the existing data 
(AUPLCI) it seems unlikely that the tractor operations dominate. 
Fertiliser manufacture and emissions on farm should dominate. Was 
the Darling Downs ‘grain’ study specific to wheat? I thought wheat 
yields would be higher than 2t but other crops (e.g. faba bean) may 
be lower. 
The use of the Eady et al. study was used because it was the 
most regionally appropriate study, with strong disclosure of 
the method applied. It was not intended to be used to inform 
methodology. Based on the reviewers concern on the 
applicability of the Eady study for validation purposes, the 
comparison has been removed 
A map of the region under consideration will be provided in 
the final LCA report. 
Agree that tractor emissions from AUPLCI data were high, 
relative to other studies. The reasons are not clear as the 
data sources are not fully disclosed and may contain full-
tillage diesel inputs. Comments will be made on this in the 
inventory report. 
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1.58 There are some issues with the terminology, and the IPCC 
assumption of “zero net emissions” in the short term (annual) carbon 
cycle is not described accurately.  The proposal to exclude C flows 
from accounting is consistent with most studies, through there is a 
growing number of studies that quantify the temporal imbalance of 
removals and emissions in bioenergy systems. The newly completed 
ISO/TC 14067 requires that all emissions and removals over the 
entire product  life are counted (which results in zero net emissions 
for biofuels)  , but also that where emissions occur 10 years of more  
after the product is produced, the timing of these emissions should be 
recorded separately.  The standard is, however, silent on when the 
clock starts for a bio-based product, so it is hard to say whether the 
life of the biochar starts with growing the biomass, or processing the 
biomass into biofuel. Assuming the trees are coppiced well before 10 
years of age, and that bio-oil would be utilised soon after 
manufacture, it seems unlikely that the product would have a life of 
greater than 10 years. However, you are also modelling biochar as a 
soil amendment.  The statement that you will assume “zero flow” is 
inconsistent with the statement in 1.14.1 that you will model C 
sequestration in soil. 
As per previous comments. All foreground carbon 
uptake/biogenic releases have been accounted for. Zero net 
emissions have not been assumed. Background datasets do 
not currently balance for carbon uptake and release. 
1.59 The proposed EF for N2O from  N applied to wheat is appropriate, as 
is the intention to consult Daniel Mendham for expert advice on the 
EF for N applied to mallee, and to undertake sensitivity analysis on 
this aspect.  The textual and graphic descriptions of the processes 
leading to nitrous oxideproduction could be improved, as indicated in 
the report. 
Consulted with Daniel Mendham. Data exists on N2O flux of 
another eucalypt species, but not for mallee. Flux does not 
readily translate into an EF. This remains a data gap, which 
is why a sensitivity study will be included. 
1.60 Your definition applies to any land use change, whether direct or 
indirect. It needs to be reworded. Make clear that both biomass and  
soil C stock could change. 
Wording changed. 
1.61 Make clear that the tree definition refers to potential height and 
canopy cover – this is important in the case of coppiced mallee. 
Paragraph removed. 
1.62 The suggestion to use the IPCC tier 1 defaults to estimate C stock 
change through conversion to mallee is inadequate and 
unnecessarily inaccurate. The FFICRC has data on growth rate of 
mallee in this environment, and there are several published papers 
and reports. I recommend that these data be used to estimate C 
The IPCC tier 1 was only a proposed approach, based on an 
initial assessment of the method to be applied, based on the 
current state of data at the time of the goal and scope report. 
The actual approach will be documented in the inventory 
report. 
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stock change due to direct LUC. 
1.63 Is increase in soil carbon due to LUC going to be included?  How will 
this be calculated, bearing in mind that it is a non-linear response, 
that saturates., and that soil C sequestered is vulnerable to future 
loss? 
Yes. Full details of method to be documented in the inventory 
report. 
1.64 Considering that the Middle East supplies the lowest volume of crude 
oil imported to Australia, it appears that the selection of this data 
source is driven mostly by data availability.  Therefore it will be 
important to undertake the sensitivity analysis, as proposed. 
No response required. 
1.65 Road freight. This section needs editing to improve expression. It is 
not clear which data will be obtained from NGGI and which from 
AusLCI.  
Road freight data is based on AUPLCI and ecoinvent (for 
different Euro emission standards). Note that no transport 
data exists with AusLCI. 
1.66 The proposal to adapt ecoinvent data for fertilisers, pesticide and 
herbicide is acceptable. Note that the study may need to include 
delivery distances from regional store to farm and modify ‘to regional 
store’ data. Based on earlier work, the impact of fertiliser production 
will be substantial and therefore the approach is likely to need 
reassessing. It would be useful for the report to indicate whether the 
‘ecoinvent’ data for the listed fertiliser has been ‘Australianised’, as it 
is not clear as to whether you are drawing from the new data that 
have been developed for Australia during the last year or so. 
Full details on how proxy data was generated will be 
documented in the inventory report. 
1.67 Decrease in emission intensity for SWIS electricity is not likely to be 
linear? Care needs to be taken in extrapolating to 2051. 
Data on future grids was not based on extrapolation. Grids 
were based on future projections by ABARE. 
1.68 Vaccines could be dealt with via a ‘drugs’ category, as they are 
similar to products for humans. NSW DPI has added veterinary 
services (US input/output) as an additional category as a means of 
addressing, equivalent to overhead costs. 
Noted. US IO dataset will be used for veterinary services. 
1.69 As willow and mallee have very different properties it will be important 
to obtain data specific to the processing of mallee biomass. 
Noted. Limitations on applicability of data discussed. 
1.70 It is not clear which processes will utilise this reticulated water supply. 
It is not applicable to on-farm water use. I assume that you will only 
use ‘new water sources’ if you envisage additional water to that used 
currently (ie. only if the volume of fertiliser production, etc... will be 
higher under the mallee system). 
 
1.71 Catalyst production. It will be important to obtain primary data for this 
aspect. 
Proxy data has been used. Primary data considered not to be 
of consequence to the outcome of the study. 
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1.72 You have stated that the LCA considers GHG, energy demand and 
fossil fuel depletion. Why does this section on methodology limitations 
discuss some elements that you have excluded from the scope of this 
assessment (water use, land use – or are they included?) and neglect 
to discuss methodology limitations of included categories (GHG, fossil 
fuel depletion)? In particular, it is important that limitations of the GHG 
impact assessment are considered (eg uncertainties of GWP; how to 
count impact of timing of emissions and removals, value of temporary 
C storage; inadequacies of data for some aspects – both foreground 
and background).  
Methodology limitations on other indicators added. 
1.73 System boundary figure. Typo in seedling/sapling management, Crop 
establishment – do you mean site preparation and planting 
Clarified terminology 
1.74 System boundary figure. Are you calling the mallee a crop? It would 
save confusion if you avoid using the same term as for the wheat 
crop 
Renamed “mallee plantation”. Mallee plantation now used 
throughout. 
1.75 System boundary figure. Transport. This is vague. Transport of what, 
by what means? 
Clarified. Road freight transport of materials. Full details of 
transport processes provided in the inventory. 
1.76 Reference to ESU-Services biofuels inventory. The biomass 
production system is quite different, due to different species, and 
environment. Pre-treatment and pyrolysis are also different due to 
different biomass and different technology and product. 
 
As previously corrected 
1.77 “…are associated with having…”. Change to “have”. Changed 
1.78 “…allocation will be avoided by increasing detail.” What do you mean 
by “increasing detail”. 
Increasing detail means subdividing a process by the inputs 
which can be directly attributable to the co-product. The cited 
sentence has been removed. 
1.79 Various comments on system expansion Paragraphs have been removed. 
1.80 “…another relationship.” Suggested “..another relationship other than 
physical”. 
Changed wording 
1.81 Is the modified GWP for biogenic methane really from AR4? No. Included description on derivation of GWP for biogenic 
methane. Corrected impact assessment description 
1.82 LHV – need to define Now defined in impact assessment description. 
1.83 CED – fossil, renewable energy, I hope these will be listed 
separately? 
This was a typo. Renewable energy is not typically included 
in the CED indicator. Clarified description. 
1.83 Fossil fuel depletion “…resources to…”. Suggested to be “…due to…” Corrected description. 
1.84 Energy ratio. Ratio of the total energy output (calorific value of the Clarified description. Ratio of the total energy output of a fuel 
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fuel) to the cumulative energy demand. Of what? (calorific value of the fuel) to the cumulative energy demand 
required to produce the fuel 
1.85 Water use indicator. Including stock water, transpiration? All water or 
just extracted water? 
Clarified description 
1.86 Various comments on carbon accounting approach As addressed previously 
1.87 Jet A-1. This statement indicates that Jet A-1 is not an aviation fuel. I 
presume this is not what you meant. If you remove the comma after 
fuel I think the sentence will say what you mean. 
Clarified description. 
1.88 LHV - define at first use Defined at first use in impact assessment method. Also left in 
this section for clarity. 
1.89 “…pasture or sheep grazing…”. Do you mean “pasture for sheep 
grazing”? 
Yes, typo corrected 
1.90 Details regarding fertilizing and herbicide application regimes will be 
requested during the data collection stage of this project. 
Full details of data sources provided in inventory report 
1.91 …” remove ash forming species”. This needs further explanation Sentence restructure – avoided clarification. 
1.92 … “ making them…”. Making it? Corrected. 
1.93 “Once the pyrolysis has been”. Pyrolysis oil has been Corrected. 
1.94 Various references to Hileman citation.  Corrected. 
1.95 Various comments on Coppice biomass systems section Corrected. 
1.96 Various comments on Australian farming systems section Corrected. 
1.97 Various comments on Pyrolysis systems Corrected. 
1.98 Various comments on methodology As previously addressed 
1.99 “… main source for nitrous oxide…” This is not clearly explained. 
Suggested wording 
Used suggested wording. 
1.100 Comment on Figure 2-3 Figure removed – no correction needed 
1.101 “…available nitrogen”. Should read “total nitrogen”. Corrected. 
1.102 Various comments on nitrous oxide sections Amended wording. 
1.103 “A sensitivity study included”. Should read “A sensitivity study will be 
included.” 
Corrected. 
1.104 Various comment on direct land use change This section has undergone a major revision. 
1.105 “Reticulated water.” Used for what purpose? Provided example of use of inventory in electricity production 
1.106 It would help if the order of information followed the order in the list Cross-referenced inventory sections. 
1.107 “Coupled with this…”. With what? Clarified 
1.108 Various comments on road freight section. Clarified. 
1.109 Sea freight Major revision. Comments no longer applicable. 
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1.110 And other soil amendments. Lime is not a fertiliser Changed section heading to reflect. 
1.111 Various comments on pesticide/herbicides relating to Biswas et al. 
2010. 
Biswas also used proxies. Therefore quoting the value not 
considered appropriate. Removed citation to Biswas study 
1.112 Various comments on hydrogen production. Major revision. Comments no longer applicable. 
1.113 “Data … is coupled” Changed to “data … are coupled”. 
1.114 Why is the DCCEE figure not identical? The reason for the discrepancy between DCCEE and 
AUPLCI emission factors is not known. It is considered 
unlikely that the discrepancy will affect the direction of the 
comparative assertions in this study. Wording added to this 
affect. 
1.115 “Projecting the emissions intensity of a grid in the period 2021-2051 is 
highly uncertain due to the design ….”. Suggested: 
“Projecting the emissions intensity of a grid in the period 2021-2051 is 
highly uncertain due to the uncertain design ….”. 
No evidence to indicate that the design is uncertain. Original 
wording considered more appropriate. No changes made 
1.116 “…, consisted with…” Modified to “…, consistent with …” 
1.117 Proposed grid mix for 2034-35. State the EF assumed for each of 
these and indicate which are assumed to include CCS (carbon 
capture and storage) 
Added emission factors to each 
1.118 Various comments – vaccines and health treatment of sheep Major revision. Comments no longer applicable. 
1.119 Various comments – pre-treatment of biomass Major revision. Comments no longer applicable. 
1.120 Reticulated water. Do you mean on-farm or post-farm gate 
processing of the feedstock into biofuel? 
Both systems – what two systems are you referring to here? 
Changed wording. 
1.121 “Inventory data was…” Changed to “Inventory data were…” 
1.122 Various comments on catalyst production and waste. Major revision. Comments no longer applicable. 
1.123 Various comments on Methodology limitations Addressed. 
2.1 It seems that each system will produce different outputs. I don’t see 
how you can assess the impact of a farm producing mallee for biofuel 
without acknowledging the impacts of displaced food production. A 
fundamental feature of LCA is that in a comparison, you must deliver 
the same function. A mallee-wheat-sheep system produces food and 
fuel; in order to assess the impact of the mallee production system, 
the comparator system should also produce the same quantity of food 
and fuel. Thus I suggest you should use system expansion to ensure 
that the biofuel and no-biofuel production systems each deliver 
equivalent products. 
The model now includes additional sheep, which account for 
potential displacement effects. A sensitivity study has been 
included which excludes sheep displacement effects. 
Likewise, the model also accounts for Jet A-1 displacement.  
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2.2 System boundary. You state that on-farm and post-farm processes 
are included in the system boundary. Does this apply for both  FUs? 
ie are the oil upgrading emissions included in the mallee production 
system analysis?  If so, to be consistent need to include fossil fuel 
processing in the wheat-sheep system – but I’m fairly sure you 
haven’t included post-farm processes in the production system 
comparison, and the reference flows tables confirm this. Text and 
figure need to be modified to clarify. 
Clarified. 
2.3 One area of remaining ambiguity is the fate of the solid product from 
pyrolysis. It is sometimes called char, bio-char and biochar. As 
explained previously, the term biochar should only be applied if it is to 
be used as a soil amendment. However, it seems that this is not the 
intention. Rather it is stated that it will be used to displace coal – and 
elsewhere, that it will be used for drying (presumably of the 
feedstock) used entirely by the process, for drying, though on p62 it is 
stated that it will be “sold as a product, most likely for co-firing with 
coal”. Need a clarification and consistency. 
Terminology changed to char. The first iteration of the LCA 
assumed that the char was used for heat, however this 
changed in the second iteration to its use as a replacement 
for coal. This has been clarified. 
2.4 Data quality assessment: I’m surprised that you assess data quality of 
mallee farming  to be as good  or better than those for wheat – I 
would have thought  that it was a much smaller dataset, for limited 
environment/soil type etc coverage, with quite limited experience re 
impacts of coppicing on long term yields. Similarly, I would expect 
that the data quality would be relatively low for the pyrolysis and esp 
upgrading parameters, being largely experimental?? 
Revised data quality assessment. Pedigree matrix applied to 
foreground data points. Quantitative assessment on the data 
quality, based on the pedigree matrix, will be provided in an 
Appendix. 
3.1 It appears that the “additional sheep” emissions may be double-
counted. The enteric methane emissions and impacts of shearing 
should be equivalent in each case as there are the same numbers of 
sheep. The only additional impacts would be those related to the 
higher stocking rate – increased supplementary feed per head, 
perhaps increased fertiliser rate, increased veterinary requirements. 
In fact, you show the sheep emissions as being lower in total from the 
mallee system than the no-mallee system. So it is not clear why, in 
the fuel comparison, the sheep cause additional emissions in the 
reference case. 
No emissions were double counted. There was an error in 
the sheep inventory for the with-mallee scenario, which only 
accounted for marginal changes in requirements for the 
additional sheep. This should have been applied to all sheep 
in the with-mallee scenario, not just the additional sheep. All 
models updated. 
3.2 The assumed emissions factor for nitrous oxide from soil is obtained 
from one study, and is an atypically low figure. Another study by the 
Applied NGGI factor (0.3%) for dryland crops as to cover 
direct and indirect N2O emissions. Applied Barton et al. 
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same author found a higher rate for canola, so it is definitely not 
appropriate to apply the very low wheat rate to crops other than 
wheat. I suggest that it is more appropriate to use the NGGI figures 
for dryland crops and pastures in calculating the nitrous oxide 
emissions from soil. If you use these for both direct and indirect you 
will avoid the strange results you have generated in which the indirect 
is as high as the direct N2O emissions. 
values for direct emissions in sensitivity study, with 0.02% for 
wheat and 0.06% for canola, oats and mallee. Sensitivity 
study used IPCC method for indirect emissions. 
 
3.3 In the calculation of soil carbon, as you are assuming all the land 
converted to mallee was previously pasture, not crop, you need to 
use the grassland FLU which is 1.0, instead of 0.8. Also, if it is classed 
as improved pasture (ie introduced species, fertiliser applied – which I 
expect it is) then the FMG should be 1.14 instead of 1.0. 
The conversion is from land which undergoes long rotations 
between crop and pasture. That is, pasture most years and 
returned to a year or three of cropping very occasionally. 
They will grow on residual nutrients or get maintenance 
fertiliser in pasture years and get the full dose in crop years, 
with higher stocking rates. In this respect, it is likely that the 
soil carbon is likely to be between grasslands and crops. 
 
This issue was discussed with the peer-reviewer. It was 
considered appropriate by both the LCA practitioner and 
reviewer that a time-weighted average could be used to 
estimate soil carbon. Inventory updated to reflect this 
approach. 
3.4 It is not clear how you have calculated the emissions from enteric 
methane and nitrous oxide from the sheep enterprise. The cited 
reference (Keogh and Cottle) applies a greenhouse gas calculator 
developed by Richard Eckard, which uses the NGGI methods. This 
should be explained. While these figures include N2O from dung and 
urine, as you have noted, it is not clear whether they include indirect 
as well as direct emissions.  
Updated to cite Eckard and NGGI methods. 
3.5 It appears that there is no allowance for direct and indirect N2O from 
N fixed by legumes in the pasture. This should be included. See 
Brock PM, Graham P, Madden P and Alcock DJ (2013) GHG for 1kg 
wool... Animal Production Science 53, 495-508. 
Discussed this issue with peer-reviewer. Agreed that the 
contribution from N2O from legumes in the pasture would 
likely be limited to below 1% cut-off. Estimates included 
based on ratio between enteric and legume related 
emissions. This approach is an estimate only and is 
considered appropriate for the goal and scope of this LCA. 
Inventory updated 
3.6 It appears that there is no allowance for losses of biomass in handling Losses have yet been quantified in the value chain. 3% 
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and storage – this should be included. losses have now been assumed, based on short-rotation 
(Jungbluth et al. 2007). Degradation to biogenic CO2 
assumed. Added to inventory section. Reference flows 
updated.  
3.7 While it is stated that you haven’t accounted for timing of emissions 
and removals, you refer in section 3.13.1 to a “100-year assessment 
period”. Does this mean that you have excluded emissions occurring 
beyond 100 years (like PAS 2050)? This must be made stated clearly 
in a section on the treatment of time. 
Yes. All emissions occur within the 100 year time horizon, 
thus emissions beyond 100 years have been implicitly 
excluded. Updated impact assessment method description. 
3.8 I appreciate that the analysis now assumes that the same number of 
sheep will be produced in the reference and biofuel cases. The 
assumption that these sheep can be produced by increasing the 
intensity of the stocking on the remaining pasture area is valid. 
However it would be appropriate that additional fertiliser is applied to 
enhance pasture production. There do not appear to be additional 
inputs of fertiliser per ha in the with-mallee case 
An assessment by Amir Abadi of FFICRC indicated that there 
would be an excess in feed and as such, no additional 
fertiliser would be required to maintain grass feed for the with 
with-mallee scenario. Clarified description in pasture 
farming/sheep management inventory section. 
3.9 Rather than counting extra Jet A-1 flights in the reference case, I 
suggest it would be preferable to count “avoided Jet A-1 emissions” 
as a credit for the mallee system. This will not change the final 
figures. 
Changed 
3.10 Explain how you have determined the “data quality requirements”. 
Make it clear that this is the minimum required. Otherwise it seems 
very strange that you require data with high uncertainty. 
Changed to indicate minimum data quality requirements 
3.11 I find the presentation of the uncertainty analysis to be inadequate, 
and the interpretation of this component to be unjustified.  This 
analysis as presented gives the impression of very low uncertainty. 
This is misleading because some of the elements cannot be 
scrutinized because they are confidential, or because no data were 
provided so proxies had to be used, and because some significant 
elements are based on pilot scale /lab scale facilities. Furthermore, 
the high level of confidence pertains to the binary question of the 
comparative assertion – ie which of the cases gives the better result. 
However, it could be understood as claiming high confidence in the 
absolute values presented.  The results of the Monte Carlo analysis 
should be presented – ie the probability distribution function of the 
Presenting individual distribution functions will show a high 
level of uncertainty for all systems considered, but they do 
not account for co-variance. The uncertainty analysis results 
are based on the comparative assertion only, with co-
variance removed. Additional uncertainty results will be 
included, with revised interpretation. 
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results, so that the reader can see the variation. 
3.12 I suggest that the quality of some of the data is overestimated. As 
discussed immediately above, some foreground data were not 
supplied for various reasons, so proxies had to be used. Some of 
these missing foreground data relate to significant aspects of the 
process that are anticipated to have substantial impact (aspects of 
bio-oil upgrading). Other aspects (especially related to nitrous oxide, 
soil carbon and mallee farming) are known to have high uncertainty 
due to their sensitivity to a range of variable factors, or the paucity of 
relevant data.  In each of these cases the data quality must be 
assessed as low or moderate at best. 
It is considered that the assessment of data quality is in line 
with the requirements of ISO 14044:2006 Section 5.2 d 5 i). 
This includes assessment of quality relating to: 
 
 time-related coverage 
 geographical coverage 
 technology coverage 
 precision 
 completeness 
 representativeness 
 consistency 
 reproducibility 
 sources of the data 
 uncertainty of the information 
 
Full details on the quality of each foreground data point have 
been assessed and uncertainty has been quantified using the 
pedigree matrix. Full transparency of this is provided in 
Appendix D. The pedigree matrix includes accounting for the 
higher relative uncertainty associated with certain agricultural 
emissions, such as nitrous oxide. 
 
It is recognised that the pedigree matrix results may have 
been at conflict with the qualitative approach. The qualitative 
data quality assessment table has been updated align the 
findings using the pedigree matrix approach. 
3.13 8.2 Sensitivity test for N2O emissions factors. I suggest that the base 
case should use the NGGI factors (both for the direct and indirect), 
and the sensitivity analysis should contrast the low figures of Louise 
Barton (0.02% for wheat, 0.06% for canola – applied for direct and 
indirect) and the default IPCC figures. 
Default N2O factors (direct and indirect) now taken from 
NGGI, with sensitivity combining Barton and IPCC figures. 
3.14 It would be useful to assess the sensitivity of the result to the growth 
rate/yield of mallee, and soil carbon change, as these are both 
aspects over which there is considerable uncertainty. 
A sensitivity assessment on yields is important, however this 
has major knock-on effects, including the number of pyrolysis 
plants needed, recruitable farm area etc. Growth response 
curves and yield research are ongoing. Clarified the goal and 
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scope to include a statement that this LCA is intended to be 
used as a basis for further LCA work. This sensitivity study is 
considered beyond scope of initial study, but will be 
highlighted as a limitation and an area of additional work. 
3.15 Consider including an assessment of the benefit of the char in 
displacing fossil fuel emissions. 
The application of benefits of displacing combustion of char is 
only applicable if the char is not on-sold, i.e. that it is 
combusted on site for heat/electricity. Stakeholders have 
indicated that the additional investment needed to combust 
the char on site would be prohibitive. As such, the 
assessment of benefits for the avoided emissions associated 
with the combustion of the char is beyond the scope of this 
study.  
3.16 Comment on the large difference in non-renewable CED between the 
two cases (Table 10-1). 
Updated table and discussion 
3.17 As you have now included the same agricultural outputs in the biofuel 
and reference case, there is no driver for indirect land use change. 
Reword discussion of this point.  
The occurrence of indirect land use change was not rejected 
outright. Limitation reworded to reflect this. 
3.18 Wastewater shows up as a major source of impact, in the case that 
methane is not all captured and flared. This is clearly a critical factor. 
Provide justification for assuming 100% effective capture and flaring 
in the base case. 
Wastewater is only a major source of climate change impact 
if it is assumed that methane is vented to atmosphere. This is 
unlikely to be the case. Discussions with stakeholders 
indicated that plant design would utilise existing wastewater 
treatment plants at Kwinana, rather than establishing an on-
site wastewater treatment. The existing wastewater plant 
includes capture/flare of methane (as presented in the 
inventory). This issue has already been discussed in Section 
10.1.1. Limitation added. 
3.19 It would be helpful to the reader if the term nitrous oxide was used in 
place of dinitrogen monoxide. While the latter is technically correct it 
is not in common use 
Was changed to dinitrogen monoxide from nitrous oxide 
following feedback from stakeholders. Now reverted to 
nitrous oxide. Inventory tables still show dinitrogen monoxide, 
as this is how they are modelled. 
3.20 I realise that this is common terminology in LCA, but it is ambiguous 
to use the term “Global Warming Potential” to apply both to the unit 
less characterisation factor used as a metric to compare greenhouse 
gases with different radiative forcing and atmospheric lifetimes, and 
Noted. Changed to climate change impact throughout. 
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also to the impact assessment in which GHG emissions are 
calculated. I recommend that you use GWP to apply to the 
characterisation factor, and refer to the impact category as GHG 
emissions or climate change impact. 
3.21 You suggest that the outcome could be improved by utilising the 
biofuel produced within the supply chain. That may be true on a per 
unit basis, but this would reduce the amount of aviation fuel available. 
This trade-off must be acknowledged in each instance where this 
suggestion is made 
Utilising biofuel in the supply chain won’t necessarily affect 
the availability of jet fuel. The final fractionation step 
produces proportions of diesel, unleaded petrol and jet fuel. 
However, if the fractions are changed, then less jet fuel may 
eventuate. This has been clarified. 
3.22 Ensure that the description of the farm system and especially system 
boundary makes clear that you have the same number of sheep I 
each case. 
Description added to system boundary section. 
3.23 Explain that mallee is an unconventional crop planted to manage 
dryland salinity, and in anticipation of as-yet unrealised market for 
biomass. 
Added to description of product system 
3.24 Explain why you chose to model the farm system so far in the future, 
and the limitations of doing so. 
The reference year is between the period 2021-2051. There 
are already limitations included in Section 12 on the temporal 
coverage. No changes made. 
3.25 In relation to the system boundary diagrams explain clearly how the 
shared processes are handled in the analysis. 
Included description 
3.26 Section 3.13.1 discusses the treatment of soil carbon, stating that 
sequestered carbon is assumed to be stored for 100 years. This is 
unjustifiable unless it is also assumed that the mallee land use will 
remain for 100 years. This should be noted. 
It was assumed that below ground carbon accumulation 
(resulting from land use change) was stored for at least 100 
years. Impact assessment method and inventory description 
for direct land use change updated to reflect this. 
3.27 You could have obtained more specific data on soil carbon for WA. 
(the SCaRP dataset is now available.) 
Noted. This was not raised as an issue in comments on the 
the inventory report. No changes made. 
3.28 In Table 3-3 name the co-products from each unit process. It seems 
unlikely that all farm inputs could be allocated to one or other 
enterprise. There are usually some (admittedly minor) flows 
associated with farm management (office, farm roads) that aren’t 
readily divided. 
The goal and scope of the study was to focus on mixed 
enterprise farm level impacts only; not the impacts of specific 
enterprises. Shared farming processes, such as 
administration and farming infrastructure were not included in 
the assessment, and as allocation was not needed. System 
boundaries updated. No changes to modelling made. 
Updated Table 3-3. 
3.29 3.13.2 discusses treatment of aircraft emissions. Note also that this Noted. 
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approach is consistent with ISO TS 14067. 
3.30 Acknowledge that your calculation of transport distance ignores 
tortuosity of the road network. 
Added more description to road freight model acknowledging 
that region-specific road conditions are not accounted for, 
such as tortuosity and gradients. 
3.31 Section 4.6.3 compares figures from the study with those of Grant et 
al as verification. However, as the current study was based on Grant 
et al, this is clearly not a valid verification source 
Noted. Changed wording 
3.32 Section 4.7 The exclusion of fugitive emissions needs to be justified.  No emission factors are available for fugitive emissions from 
end-product (e.g. jet-fuel) pipelines, suggesting that the 
emissions are negligible. Pipeline emissions are typically 
estimated based on pipeline length. The length of the jet-fuel 
pipeline, compared with other pipelines with known fugitive 
emissions (e.g. natural gas pipelines), is very short, 
suggesting that fugitive losses would be relatively low. 
3.33 Section 4.9 Have you modified the transport distances for the 
agricultural inputs? They are often too low. 
Yes. 
3.34 4.10 Did you consider inclusion of wetters/surfactants? Justify their 
exclusion. 
No. Discussed this issue with peer-reviewer. No publically 
available literature to indicate that these substances 
contribute to more than 1% of overall impacts for the 
indicators considered. Wetting agents/surfactants were 
excluded on the basis of likely environmental significance. 
System boundary section updated 
3.35 4.13 This approach is valid as long as CO2 uptake was included 
during the manufacture of urea. Please confirm whether this is the 
case. 
Yes, CO2 uptake included. 
3.36 4.15 Are these data on agricultural production based on an average 
of several seasons? 
Yes. Inputs for wheat, canola, lupins oats and sheep are the 
typical input levels that are generally recommended and 
applied for an expected yield (weighted average of several 
recent seasons). As such they exclude provisions for the 
poorest of seasons and best of seasons. Description added 
to text. Limitations on this already included.  
3.37 4.19 It seems very strange that high intensity sheep production from 
NZ is the most similar to WA. Please provide some explanation for 
The stocking rate intensity for the NZ study was broad and 
equivalent to 5.18 DSE to 20.49 DSE per hectare and was 
reported as “high”. The stocking rate for this study was 
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that. between 7.64 and 8.21, which falls within this range. Thus, it 
was considered most appropriate to adopt inputs based on 
the nominated “high” intensity inventory. The region of 
interest was not reported in the study. It is unclear as to 
how/why the authors nominated the ranges for different 
intensities (low, medium high). Section in report has been 
clarified. 
3.38 Please provide detail of the assumptions for enteric methane and 
nitrous oxide from the sheep enterprise. I would prefer to see you 
citing a standard reference for enteric methane - eg NGGI, on which 
the Keogh reference is indirectly based - better to cite the original. 
 
Citations updated 
3.39 4.21 and elsewhere Have you included the impacts of transport of 
diesel? 
Yes. 
3.40 Page 50 refers to there being 33.3 ha under pasture per 1000 ha 
farmed. This should be 476.4, I believe. (no-mallee case) 
Section now modified. 
3.41 4.22 Provide further detail of the operating parameters of the 
pyrolysis modules and dryers.  
Included in assumptions. 
3.42 4.29.2 please provide some comparison with published figure from 
elsewhere to validate the theoretical calculation of energy required to 
compress hydrogen. 
No direct comparison possible. One literature references 
indicates that measured electricity inputs for H2 from 20 bar 
to 440 bar are between 2.0 to 2.2 kWh/kg. The method 
described in this report yields an estimate of 2.1 kWh/kg, 
suggesting the approach in this report is valid. Report 
updated to include reference. 
3.43 4.32 It is not clear to me why you needed to separate the LTO and 
cruising operations? Are you using different emissions factors for 
these two stages? 
 
LTO emissions include methane, cruising operations do not. 
Both include nitrous oxide. Different emission factors are 
used for each stage. 
3.44 4.36 I haven’t found Appendix C. (You sent a file labelled Appendix B 
and C but I can’t find the data quality assessment) 
Amended 
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3.45 Section 5 Why not give it a title that indicates that it is the LCIA? Language not appropriate for audience of the study. Included 
“life cycle impact assessment” in text. 
3.46 7.1 It doesn’t seem right that the impacts are lower from the sheep in 
the mallee than no-mallee system. As the production is the same, the 
impacts should also be the same, or maybe higher. 
Amended. 
3.47 8.5 I can’t understand on what basis someone would want to 
reallocate the land use change benefit to another enterprise, but it is 
clear that this would reduce the benefit of the mallee.  
This was an important discussion point to the stakeholders 
and may have implications as to the applicability of the 
outcomes should farmers wish to sell below-ground carbon 
benefits. No changes to the report made. 
3.48 10.2 Comment on the cause of the large difference in non-renewable  
cumulative energy demand for the “average sheep” and “additional 
sheep”. 
As addressed previously 
3.49 10.2.2 I am confused about the fossil fuel depletion and non-
renewable CED comparison between the farming systems. The text 
here refers to Table 5-2 as showing that these impacts are higher in 
the with-mallee system – but in fact table5-2  shows the reverse. But 
here Table 10-2 shows mallee having higher impacts than pasture, 
yet the text discusses indicator values being lower in the mallee 
system. Please ensure that these values and text are consistent, and 
reword to clarify these apparent inconsistencies. 
This section has been revised. 
3.50 
 
Appendix A 
Provide column headings that explain the contents. Added column headings 
3.51 
 
Appendix A 
The entries in the CED page that state, eg,  that Coal, 18.0 MJ per kg 
has 18 MJ LHV/kg seem somewhat pointless and circular, as do 
those declaring that Energy, from coal has 1MJ LHV/MJ. 
CED values in the impact assessment reflect the way in 
which energy flows are modelled in the inventory (foreground 
and background). Those that capture the material flows 
utilise primary energy values, while those that capture energy 
flows use a value of 1 MJ/MJ. The impact assessment 
method contains these flows so as to capture all non-
renewable CED flows. 
3.52 
 
Appendix A 
Please explain why Energy, gross calorific value, biomass has only 
0.904761905 MJ LHV/MJ, although  Energy, from biomass has 1 1MJ 
Removed from impact assessment method. Should only be 
assessing non-renewable energy demand. 
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LHV/MJ. 
3.53 
 
Appendix A 
The figures for specific energy of wood are quite low at 10.5 and 15.3 
MJ LHV/kg.  What moisture content is the wood? 
 
Removed from impact assessment method. Should only be 
assessing non-renewable energy demand. 
3.54 
 
Appendix 
B/C 
Clarify the units (Are these figures per functional unit?) 
 
Yes. Results are reported per functional unit. Included 
description in Appendix. 
3.55 
 
Appendix 
B/C 
Explain the “unassessed” tables. 
 
Unassessed substances contain the elementary flows which 
were not assessed by the impact assessment method. 
Included description in Appendix. 
3.56 
 
Appendix 
B/C 
Please use the same notation for each case to aid comparisons. (ie if 
it is written in scientific notation in one case the same format should 
be used for the other, to facilitate comparison 
Corrected 
3.57 
 
Appendix 
B/C 
Use the number of significant figures appropriate to the precision of 
each value 
This is considered onerous as this would require the tracing 
of precision for each elementary flow (> 2000 flows) in the 
inventory, and the location of each flow within the 
background and foreground inventories. No changes made.  
3.58 
 
Appendix 
B/C 
I can’t see the land used for mallee, either as land occupation or 
transformation, nor the uptake of CO2 from the atmosphere by the 
mallee, or the carbon sequestration in soil. Maybe I’m looking in the 
wrong place? 
Modelled as Emissions to air, Carbon dioxide, land 
transformation. 
3.59 
 
Appendix 
B/C 
Please explain why carbon dioxide to air  (line 398) is so much higher 
for the no-mallee system than the with-mallee system, in the farming 
systems tab 
Emissions associated with additional jet flights 
3.60 Ensure that the additional sheep emissions relate only to the extra 
impacts per head at the higher stocking rate (extra lupins, extra 
fertiliser applied to pasture and extra vet bills if applicable).  
As addressed previously 
3.61 Modify the emissions factor assumed for nitrous oxide from fertiliser, As addressed previously 
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Comment # Peer-review comment Response and action 
to use the NGGI figures. 
 
3.62 In calculating the soil carbon stock of the reference land use, use the  
FLU for grassland not crop, and the FMG for improved pasture, if 
applicable. 
As addressed previously 
3.63 Clarify the approach applied to timing of emissions and removals. As addressed previously 
3.64 Ensure that you describe the results of the uncertainty analyses so 
that it is clear that this is the confidence in the comparative assertion, 
from which you conclude that the impacts of the biofuel option are 
less than the reference option. Make it clear that this is not an 
assessment of the uncertainty of the absolute values presented. 
As addressed previously 
3.65 Provide the probability distribution functions for the results from the 
Monte Carlo analysis. 
As addressed previously 
3.66 Include an assessment of sensitivity to the yield of mallee and change 
in soil carbon. 
As addressed previously 
3.67 Use the term Global Warming Potential only in reference to the 
characterisation factor used to relate the warming impact of different 
greenhouse gases to that of CO2. Use an alternative term to describe 
the climate change impact category. 
As addressed previously 
3.68 Review the assessment of the data quality and ensure that the quality 
is not overestimated. 
As addressed previously 
3.69 Refer to nitrous oxide rather than dintrogen monoxide. As addressed previously 
Various comments in annotated PDF As addressed above and directly in the report 
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Appendix A. Characterisation factors 
Refer attached spreadsheet. 
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Appendix B. Inventory 
All elementary flows are reported per functional unit. Refer attached spreadsheet 
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Appendix C. Unassessed substances 
Unassessed substances contain the elementary flows which were not assessed by the impact 
assessment method. Refer to attached spreadsheet. 
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Appendix D. Pedigree matrix assessment results 
Refer attached spreadsheet. 
Mallee Aviation Biofuels Life Cycle Assessment 
 Final peer-reviewed LCA report 
Version: 4.0 
Page 145 
 
Appendix E. Monte Carlo analysis results 
Refer attached spreadsheet. 
 
 
